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Résumé 
 
Cadre et buts du travail 
Suite aux processus d'érosion chimique, physique et biologique des roches, les éléments traces 
sont cycliquement transporté à travers les différents compartiments de l'environnement (Fig. 
1.1). En absence de perturbations (naturelles ou anthropiques), un état stationnaire arrive 
généralement à s'établir dans le milieu naturel entre ces compartiments. Cependant les 
activités humaines peuvent modifier cet état en changeant soit les flux des éléments entre 
deux, ou plusieurs, compartiments, soit la forme sous laquelle un élément existe dans 
l'environnement; c'est-à-dire sa spéciation. Cette recherche s'intéresse principalement à la 
deuxième problématique et, en particulier, à la spéciation des éléments par taille, aussi 
connue dans la littérature comme partitionnement ou répartition des éléments. L'intérêt pour 
ce domaine dérive de l'importance de la dite spéciation vis-à-vis du comportement et du 
transport des éléments dans les milieux naturels et de leur bio disponibilité pour les 
organismes aquatiques. Ce travail s'insère dans le cadre d'un plus vaste projet 
interdisciplinaire ayant comme but l'investigation des mécanismes généraux qui contrôlent le 
rôle des colloïdes dans la répartition et la bio disponibilité des éléments dans des milieux 
aquatiques contrastés continentaux.  
D'après la IUPAC (International Union of Pure and Applied Chemistry), les colloïdes sont 
définis comme des particules ayant une taille entre 1 nm et 1 µm. En conséquence, on peut 
définir trois compartiments environnementaux parmi lesquels les éléments peuvent se 
distribuer (voir aussi le glossaire): 
- la matière en suspension (MES ou phase particulaire): > 1 µm 
- les colloïdes: entre 1 nm et 1 µm 
- la vraie solution: < 1 nm 
Colloïdes + vraie solution forment la phase filtrée qui est donc définie comme tout ce qui a 
une taille inférieure à 1µm. A noter que, même si toutes distinctions entre compartiments 
doivent être considérer comme opérationnelles, les limites proposés par la IUPAC retiennent 
une certaine signification physique (voir § 1.3). 
Vu le but du projet, les sites d'échantillonnage ont été choisis afin de représenter au maximum 
la variabilité naturelle (chapitre 3). Cette approche constitue un complément indispensable 
aux nombreuses études faites au laboratoire en conditions contrôlées d'où proviennent la 
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plupart des connaissances théoriques sur les colloïdes et leur association avec les éléments 
traces. Les objectifs spécifiques pour cette étude ont été définis de la façon suivante: 
- vérifier l'importance de certains choix méthodologiques dans les études sur le 
partitionnement des éléments traces; 
- investiguer les facteurs qui déterminent la répartition des éléments parmi la matière 
en suspension, les colloïdes et la vraie solution dans les différents milieux 
aquatiques 
- déterminer la variabilité des coefficients de partitionnement parmi les différents 
systèmes et vérifier la possibilité de développer une systématique générale et une 
modélisation de ces coefficients 
- apprécier l'importance des colloïdes pour une meilleure estimation des flux des 
éléments vers l'océan 
- évaluer de quelle façon la présence des colloïdes influence la spéciation des 
éléments vis-à-vis de leur bio disponibilité pour les organismes aquatiques 
 
Zones d'étude 
Le travail du terrain a été effectué dans 8 rivières en Suisse (Rhône, Borgne du Ferpècle, 
Versoix et Nant d'Avril), Italie (Pô), Pologne (Dunajec et Vistule) et au Maroc (Sebou), un lac 
(le Léman - Suisse / France) et un réservoir (Czorsztyn - Pologne). Sauf pour ce qui est du 
pH, les sites d'échantillonnage sont suffisamment diversifiés (Tableau 3.1 et appendice 1) 
pour permettre d'obtenir des conclusions de valeur générale (voir les objectifs ci-dessus). Ces 
différences concernent autant la géologie des bassins versants que la présence et, le cas 
échéant, le type de pollution anthropique. 
Les sites d’échantillonnage en Suisse représentent : 
- une rivière alpine sujette à une pression anthropique modérée (présence de sources 
des pollutions diffuses) mais relativement peu influencée par la pollution 
métallique (le Rhône), 
- un site éloigné de toute source de pollution sauf les retombées atmosphériques, 
c'est-à-dire la Borgne de Ferpècle à la proximité de sa source (le glacier de Mont 
Mine, Valais, Suisse) 
- une rivière avec une source calcaire (la Versoix) 
- une petite rivière sujette à une pression anthropique d'origine industrielle (le Nant 
d’Avril) 
- un grand lac globalement peu touché par la pollution en éléments traces (le Léman) 
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Le Dunajec (sud de la Pologne) est situé dans la région septentrionale des Carpathes, qui 
est principalement composée de grès et de schistes. Cette rivière a récemment été modifiée 
dans son cours supérieur par la construction du barrage de Czorsztyn, qui a formé le réservoir 
homonyme d’un volume de 232 * 106 m3. La pollution anthropique (Cr et matière organique) 
est liée à la présence des nombreuses tanneries artisanales dans la région (Szalinska et al., 
2003). 
Le Pô (Italie du Nord) a été échantillonné dans son cours moyen où le bassin versant est 
constitué principalement d'alluvions. Cependant, des roches mafiques sont présentes en amont 
de la zone d'étude, ce qui détermine des teneurs en chrome et en nickel naturellement élevées 
dans le bassin. Une source de pollution anthropique poly-métallique est représentée par la 
région métropolitaine de Milan dont les rejets sont transportés au Pô par la rivière Lambro 
(IRSA, 1997).  
La Vistule a été étudiée dans son cours supérieur (région de la Silésie, Pologne) caractérisé 
par la présence de mines de charbon et de Pb/Zn ce qui détermine une forte augmentation de 
la salinité des eaux (mines de charbon) et de la concentration en Zn, Pb, Cd et d’autres 
éléments traces qui pourraient être présents accessoirement dans les gisements miniers 
(Helios-Rybicka, 1996; Guéguen and Dominik, 2003). 
Le Sebou a aussi été étudié dans son cours supérieur en proximité de la ville de Fès 
(Maroc) où la qualité de l’écosystème est fortement compromise par les rejets des nombreuses 
tanneries et d'autres activités artisanales (Khamar et al., 2000; Koukal et al., 2004). La 
pollution en éléments traces (chrome en particulier) et en matière organique constituent deux 
graves problèmes environnementaux dans la région. 
L’ensemble des sites d’échantillonnage présente une variabilité assez large pour ce qui est de 
la salinité, le carbone organique dissous et les MES (1 à 2 ordres de grandeurs) (Tableau 3.1 
et appendice 1). De même, la teneur de saturation en oxygène varie de 0 à 110% et l'alcalinité 
de 0.4 à 10 mmol L-1. Par contre les valeurs du pH se situent principalement près de la 
neutralité (tableau 3.1 et appendice 1), ce qui n’a par permis d’examiner l’effet du pH sur la 
répartition des éléments dans les milieux étudiés. 
 
Prélèvement, fractionnement et analyse des échantillons 
Des échantillons d’eau de surface ont été prélevés sur un ou plusieurs sites (voir tableau 3.2) 
dans les systèmes décrits ci-dessus. Dans le lac Léman et dans le réservoir de Czorsztyn, des 
prélèvements ont été aussi effectués en profondeur (Tableau 3.2). Des protocoles de 
prélèvement dits "ultra propres" ont été adoptés tout au long de la recherche. 
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Quand le fractionnement de la phase filtrée entre colloïdes et vraie solution a été effectué (23 
échantillons en tout), les MES et la phase filtrée ont été séparées directement sur le terrain à 
l'aide d'une cartouche filtrante en polypropylène et d'une pompe à main (ou une pompe 
péristaltique). Les eaux pré filtrées, transportées au labo, ont été fractionnées le même jour (et 
dans les plus bref délais) en colloïdes et vraie solution par filtration à flux tangentiel en 
utilisant deux membranes en cellulose régénérée ayant une taille nominale de 1 et 10 kDa. Les 
concentrations en éléments traces et en carbone organique ont été mesurées dans les trois 
fractions (eau filtrée, colloïdes et vraie solution). Les bilans de masse pour les éléments et 
pour le carbone organique sont acceptables (100 ± 20 %) pour la majorité des échantillons 
(Figure 4.1). Des blancs procéduraux ont été effectués pour chaque échantillon et ont donné 
des concentrations en éléments traces au dessous des limites de détections correspondantes 
(Tableau 4.1), ou au moins d'un ordre de grandeur inférieur par rapport aux concentrations 
dans les échantillons. Dans ce dernier cas, les concentrations mesurées dans les échantillons 
ont été corrigées par les valeurs des blancs. 
La matière en suspension a été récupérée par filtration sur membrane ou par centrifugation en 
flux continu. Pour l'analyse des éléments traces, les filtres (ou des aliquotes de matière 
récupérée par centrifugation) ont été minéralisés par attaque acide à l'aide d'un four à micro 
ondes (Ethos 1600, Milestone). Les solutions résultantes ont été diluées avec de l'eau Milli-Q 
et stockées à 4 °C. La filtration sur membrane et la centrifugation en flux continu donnent des 
résultats comparables quant aux concentrations des éléments traces associés à la MES (Fig. 
4.2). Dans les deux cas les blancs procéduraux sont négligeables par rapport aux 
concentrations mesurées. 
Les éléments traces (27Al, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 95Mo, 114Cd, 
121Sb, 206-7-8Pb et 238U) ont été analysés par ICP-MS (HP 4500, Agilent) avec une droite 
d'étalonnage externe et correction par standard interne. Pour les échantillons à forte salinité 
(appendice 1), l'analyse du Cr a été effectuée avec la méthode des ajouts dosés afin de 
corriger les interférences du chlorure sur cet élément. La justesse des mesures pour les 
solutions aqueuses (eaux filtrées, ultra filtrées et suspensions colloïdales) a été vérifiée avec 
une eau standard (NIST 1643d). Les concentrations mesurées étaient raisonnablement en 
accord (± 10%) avec les valeurs certifiées sauf pour Fe (160-180 % du certifié). La mesure du 
fer par ICP-MS est compliquée par la présence d'interférences poly atomiques (Jarvis et al., 
1992) et ces concentrations ont donc été considérées d'un point de vue qualitatif pour 
l'estimation de la quantité de Fe associée aux colloïdes par rapport à celle en vraie solution. 
De la même façon, un standard des sédiments (STSD-2; voir Lynch, 1990) a été utilisé pour 
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contrôler la justesse des procédures de minéralisation pour la matière en suspension. Un bon 
accord (± 20 %) a été normalement observé parmi les valeurs mesurées et certifiées sauf pour 
Al et Cd (voir § 4.4.4 pour les détails).  
La concentration de carbone organique dans les eaux filtrées, ultra filtrées et dans les 
colloïdes a été mesurée par oxydation catalytique à haute température à l'aide d'un appareil 
Shimadzu 5000A. Les blancs procéduraux ont parfois mis en évidence des problèmes de 
contaminations dus aux difficiles conditions de travail lors de campagne à l'étranger (Tableau 
4.2 et notes correspondantes). Après l'introduction d'une étape de nettoyage à la soude pour le 
matériel d'échantillonnage, les blancs de contrôle effectués à l'Institut F.-A. Forel ont toujours 
été satisfaisants. 
 
Résultats et discussion 
Développements méthodologiques (chapitre 5) 
Parmi les méthodologies utilisées au cours de cette recherche, 3 aspects se détachent des 
techniques couramment employées dans les études de monitoring: 
- l'utilisation de la centrifugation en flux continu pour la récupération de la matière 
en suspension 
- l'utilisation d'une cartouche filtrante au lieu des membranes filtrantes pour la 
séparation entre MES et phase filtrée 
- l'utilisation d'une limite de 1.2µm entre les phases particulaire et filtrée au lieu de 
celle de 0.45µm qui, à présent, reste la plus utilisée (Tableau 1.3). A noter que la 
limite de 1.2µm (au lieu de celle de 1µm proposée par la IUPAC) a été choisie vis-
à-vis de la disponibilité commerciale des cartouche (et membranes) utilisées 
(chapitre 5) 
Dans la section précédente l'on a déjà mentionné que la centrifugation et la filtration sur 
membrane donnent des résultats comparables pour les concentrations des métaux dans la 
matière en suspension. Cependant, l'effluent de la centrifugeuse ne peut pas être 
ultérieurement fractionné en colloïdes et vraie solution à cause d'une contamination du dit 
effluent. Cette contamination semble être due à des phénomènes de fragmentation des 
particules à l'intérieur de la centrifugeuse. Les particules fragmentées peuvent avoir une taille 
suffisamment petite pour rester en suspension dans l'effluent de la centrifugeuse. Ces 
phénomènes de fragmentation semblent intéresser environ le 0.5% de la totalité des MES, ce 
qui n'a pas d'influence sur les concentrations des éléments dans la phase particulaire mais peut 
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provoquer une augmentation significative des concentrations dans l'effluent (Rossé et al., 
2004). 
L'utilisation d'une cartouche filtrante pour la récupération des eaux filtrées destinées au 
fractionnement entre colloïdes et vraie solution a été dictée par la nécessite d'éviter la dite 
contamination et aussi afin de pouvoir disposer de volumes d'eau filtrée relativement larges 
(environ 10 L) nécessaires pour l'exécution du travail interdisciplinaire de la totalité du 
groupe. Des recherches spécifiques menées dans ce sens ont démontré que les concentrations 
élémentaires dans la phase filtrée après filtration sur cartouche ou sur membrane peuvent 
présenter des différences selon les éléments et la concentration de la MES dans les systèmes 
investigués (Fig. 5.3 et § 5.2). 
De la même façon, l'établissement à 1.2µm du seuil entre MES et phase filtrée peut 
évidemment déterminer des concentrations des éléments dans la phase filtrée supérieures à 
celles obtenues suite à une filtration à 0.45µm. Cependant, les différences observées peuvent 
être plus ou moins marquées selon la fraction d'un élément associé avec des particules dans 
l'intervalle 0.45-1.2 µm (Fig. 5.5; Vignati et Dominik, 2003). 
L'ensemble de ces études méthodologiques a permis d'effectuer une comparaison des résultats 
obtenus avec la littérature existante d'une façon plus objective. A noter que les mesures des 
éléments par ICP-MS ont été complétées par quelques mesures du nombre de colloïdes par un 
"compteur des particules", une nouvelle technique exploitée à l’Institut F.-A. Forel (Rossé et 
Loizeau, 2003) qui permet de compter les particules entre 50 et 2000 nm (Fig. 5.2 et 5.4). 
Un dernier développement méthodologique a consisté dans l'évaluation de l'applicabilité de 
l'approche biomimétique (Mayer et al., 1996) pour la détermination de la fraction 
biodisponible des éléments associés aux MES. Ces tests préliminaires ont permis d'établir un 
protocole de base qui pourra être exploité dans d'études futures. 
 
Répartition du carbone organique et des éléments (chapitre 6) 
Cette partie du travail a abordé trois thématiques:  
- le partitionnement du carbone organique et des éléments parmi la matière en 
suspension et la phase filtrée comprenant à son tour les colloïdes HMW et LMW, 
et la vraie solution (voir le glossaire pour les définitions), 
- le comportement du carbone organique et des éléments dans les zones de mélange 
de différentes masses d'eau, 
- les variations des concentrations des éléments avec la profondeur dans le réservoir 
de Czorsztyn 
Résumé 
 
XXIII 
Il est important de remarquer que les concentrations en carbone organique et en éléments 
traces ont globalement montré des larges variations dues à la diversité des systèmes 
considérés dans cette étude (voir zones d'étude et appendices 2 et 4). 
Pour ce qui est de la répartition entre colloïdes et vraie solution, cette dernière constitue 
généralement au moins le 50% du total de la concentration filtrée pour le carbone organique. 
Quant au carbone colloïdal, l'importance des colloïdes HMW et LMW change selon les 
caractéristiques de chaque site (§ 6.1.1.1). Parmi les éléments traces, Al, Ti (Fig. 6.1b) et Pb 
(Fig. 6.1c) montrent une tendance à s'associer avec les colloïdes HMW qui constituent de 
40% à plus de 80% du total des concentrations filtrées dans la majorité des sites. Les autres 
éléments, qui devraient exister principalement sous forme d'espèces cationiques dans les 
milieux étudiées (Cd, Co, Cu, Fe, Mn, Ni et Zn), montrent une plus forte variabilité quant à 
leur distribution parmi la vraie solution et les colloïdes HMW et LMW, même si la fraction en 
vraie solution représente au moins 60% de la totalité des concentrations filtrées dans la 
plupart des sites (Fig. 6.1c). Cette variabilité est liée à plusieurs facteurs dont certains (par 
exemple la géologie du bassin versant ou la présence d'activités anthropiques spécifiques) 
peuvent être spécifique à un élément tandis que d'autres (tels que la salinité et le taux de 
saturation en oxygène) tendent à avoir en effet sur tous les éléments. A l'opposé, pour les 
éléments qui, à pH neutre, existent principalement sous forme anionique dans les eaux de 
surface (As, Mo, Sb, V et U), la fraction colloïdale (HMW + LMW) représente normalement 
moins du 20% des concentrations filtrées sauf dans la rivière Sebou (Fig. 6.1d). Dans ce 
denier cas, les caractéristiques du bassin versant et la présence d'un grand nombre de tanneries 
semblent fournir de la matière colloïdale capable de complexer ces éléments (§ 6.1.1.4). 
D'autre part, les anomalies (fraction colloïdale supérieure à 20%) observée pour l'arsenic et le 
vanadium dans le bassin du Dunajec (Fig. 6.1d) sont plutôt à attribuer à des facteurs 
géologiques; c'est-à-dire à la présence de roches particulièrement riches en ces deux éléments. 
Pour finir, le chrome mérite d'être traiter séparément étant donné que, dans les milieux 
naturels, il peut coexister sous deux formes redox (Cr(III) et Cr(VI)) qui ont une réactivité 
différente envers les colloïdes. Ainsi, lorsque les facteurs environnementaux et les activités 
anthropiques sont tels que la présence du Cr(III), plus réactive vers les colloïdes, est favorisée, 
le chrome colloïdal constitue souvent plus de 60% des concentrations filtrées (Fig. 6.1e et § 
6.1.1.5). Au contraire, quand la forme oxydée (Cr(VI)), peu réactive envers les colloïdes, 
prédomine, la plupart du chrome filtré (> 80%) est présent dans la vraie solution. Des 
situations intermédiaires ont aussi été observées (Fig. 6.1e).  
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La distribution entre la phase particulaire et la phase filtrée (colloïdes HMW et LMW plus 
vraie solution) a aussi été étudiée. La répartition entre ces deux phases est contrôlée par des 
nombreux facteurs, notamment la concentration de matière en suspension mais aussi la 
salinité, le pH et, spécialement pour Fe, Mn et les éléments éventuellement liés à ces deux 
métaux, la teneur en oxygène. La présence d'activités anthropiques peut aussi influencer cette 
distribution et il est donc difficile d'identifier des tendances générales à travers les systèmes 
étudiés. On peut cependant remarquer que la majorité de Al, Pb et Ti (> 85%) est 
normalement associée à la phase particulaire (Fig. 6.2). A l'opposé, les éléments sous forme 
des complexes anioniques (As, Mo, Sb et U) se trouvent dans la phase filtrée (> 80 % de la 
concentration totale), sauf dans la rivière Sebou où, comme déjà mentionné pour les colloïdes, 
la nature des particules pourrait favoriser une association entre la matière en suspension et ces 
éléments. Pour les autres éléments, la situation varie cas par cas selon différents facteurs 
(salinité, saturation en oxygène, concentration en MES, géologie des bassins, conditions 
hydrologiques de la rivière) qui sont discutés en détail dans la section 6.1.2. 
Une attention particulière a été donnée à l'étude du comportement du carbone organique et des 
éléments traces dans les rivières Pô, Vistule et Sebou à la confluence avec leur tributaire 
respectif: Lambro, Przemsza et Fès. Ces tributaires peuvent être considérés comme des 
sources de pollution ponctuelles pour les trois rivières. Dans ce contexte, l'étude détaillée du 
partitionnement du carbone organique et des éléments traces parmi la MES, les colloïdes et la 
vraie solution permet d'établir quels sont les processus qui contrôlent le comportement des 
polluants dans la zone de mélange, à savoir: l'adsorption du carbone ou des éléments en vraie 
solution sur la matière en suspension, le pompage colloïdale, ou encore une combinaison des 
deux. Pour cela, il a fallu tout d'abord calculer les concentrations théoriques du carbone et des 
éléments traces attendues dans la zone de mélange en cas de mélange homogène entre les 
eaux de chaque couple de rivières. Ces concentrations ont été comparées avec les valeurs 
correspondantes mesurées expérimentalement dans les zones de mélange. En général un 
comportement non homogène a été détecté tant pour le carbone organique que pour les 
éléments traces, même si l'importance des processus d'adsorption et de pompage colloïdal 
varie parmi les trois systèmes (Fig. 6.3 et 6.4). A noter que l'adsorption sur la matière en 
suspension à partir de la phase vraie dissoute pourrait quand même impliquer des phénomènes 
de pompage colloïdal dans lesquels les éléments seraient simultanément transportés en égale 
quantité de la vraie solution vers les colloïdes et des colloïdes vers la matière en suspension. 
Enfin, l'établissement des profils des éléments traces dans le réservoir de Czorsztyn constitue 
un travail préliminaire pour des futures études, étant donné que le réservoir a été rempli 
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seulement en 1997 et que les études dans cette zone sont très peu nombreux. Vu la présence 
des tanneries dans le bassin de la rivière Dunajec, une attention particulière a été donnée aux 
profils de chrome et de manganèse. La réduction d'oxydes de manganèse à l'interface eau - 
sédiments (ou dans les couches profondes du réservoir) pourrait être couplée à une oxydation 
du Cr(III) (immobile et relativement peu toxique pour les mammifères) en Cr(VI) 
(carcinogène pour l'homme) (Eary et Rai, 1987). Les profils établis en septembre 2001 et 
mars 2003 montrent bien une augmentation de la concentration en manganèse dans les 
couches profondes du réservoir, tandis que les profils du chrome sont stables sur toute la 
profondeur de la colonne d'eau. L'hypothèse de la remobilisation du chrome reste cependant à 
vérifier, car l'oxydation du Cr(III) en Cr(VI) et son rélargage à partir des sédiments pourrait se 
produire pendant de courtes périodes très difficiles à identifier sans la mise en place d'un 
programme de monitoring approprié. 
 
Coefficient de répartition (chapitre 7) 
La distribution des éléments traces parmi les différentes phases environnementales peut être 
facilement exprimée à l'aide des coefficients de partitionnement. La procédure de 
fractionnement entre MES et phase filtrée suivie de la séparation entre colloïdes et vraie 
solution permets de calculer 4 types de coefficients (voir § 4.5.1 pour les définitions 
détaillées): 
- le Kd qui exprime l'affinité entre la MES et la phase filtrée 
- le Kp qui exprime l'affinité entre la MES et la vraie solution 
- le Kc qui exprime l'affinité entre les colloïdes et la vraie solution 
- le Kpc  qui exprime l'affinité entre tous les solides présents (c'est à dire la MES plus 
les colloïdes) et la vraie solution (Benoit et Rozan, 1999) 
A noter que le calcul du Kc et du Kpc nécessite une estimation de la masse colloïdale (section 
7.1). 
L'utilisation de chaque coefficient répond à un but différent. Ainsi le Kd (utilisé depuis les 
années 50; Goldberg et al.,1952) constitue surtout un terme de comparaison avec la littérature 
car le fractionnement de la phase filtrée en colloïdes et vraie solution n'est pas encore devenu 
une analyse de routine. Théoriquement la valeur du Kd devrait être uniquement une fonction 
de l'élément et de la phase solide considérée (Benoit, 1995 et § 1.5). Cependant la variabilité 
du Kd en fonction des paramètres environnementaux tels que la concentration de la matière en 
suspension, le pH, la salinité et, dans le cas du Fe, Mn et les éléments associés, la teneur en 
oxygène a souvent été évoquée (Turner 1996, 1999; Shafer et al., 1999; Lindstrom, 2001). De 
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plus cette étude des milieux contrastés à permis de mettre en évidence l'influence des facteurs 
géologiques, hydrologiques et anthropiques sur ce coefficient. Si la variabilité du Kd dans un 
système est généralement interprétée en fonction de la première série de facteurs, la deuxième 
série doit aussi être considérée quand on compare différents systèmes. 
Le Kp et le Kc sont apparus particulièrement utiles lorsqu'ils sont employés en combinaison. 
Ainsi, une valeur positive de la différence Kp - Kc indique que, pour un système ou pour un 
site, un élément a une grande affinité pour la matière en suspension par rapport aux colloïdes, 
et inversement pour une valeur négative. Ce type d'information est nécessaire si l'on veut 
connaître le comportement probable d'un élément dans un système naturel. 
Une partie de la variabilité des Kd est liée à la présence de colloïdes qui, dans le calcul de ce 
coefficient, sont par simplicité méthodologique considérés avec la vraie solution au lieu d'être 
inclus dans la phase solide (Honeyman et Santschi, 1989; Benoit et al, 1994). Le Kpc corrige 
ce défaut et, si la présence des colloïdes et des métaux associés aux colloïdes était la cause 
principale de la variabilité des Kd, devrait aboutir à un coefficient de partage constants pour 
en élément dans un système. Les résultats obtenus (Fig. 7.17, 7.18, 7.19, 7.20) montrent que 
dans certaines situations, par exemple pour As, Mo, Sb et U dans la rivière Sebou, l'utilisation 
du Kpc donne effectivement des coefficients de partage quasi constants. Cependant, une 
variabilité résiduelle persiste souvent à cause des facteurs géologiques, hydrologiques et 
anthropiques déjà mentionnés. Une meilleure prise en considération de ces derniers facteurs 
pourrait être utile à l'avancement de la recherche dans cette domaine. 
 
Modélisation de la distribution des éléments (chapitre 8) 
Une alternative à l'utilisation des Kpc pour corriger la variabilité des Kd est d'essayer de 
modéliser cette variabilité en fonction des paramètres tels que la concentration des MES et de 
carbone organique ou la salinité (Turner, 1996; 1999; Shafer et al., 1999; Lindstrom, 2001). 
Des essais de modélisation ont été effectués pour les concentrations de Cu, Ni, Zn, Pb dans la 
phase filtrée et pour les correspondantes valeurs de Kd. Le choix de modéliser aussi la 
concentration dans la phase filtrée a été effectué sur la base des études méthodologiques qui 
ont démontré que la filtration peut souvent représenter une opération assez problématique en 
dépit de sa simplicité apparente (Horowitz et al., 1996a; 1996b; Morrison et Benoit, 2001; 
voir aussi le chapitre 5). 
Un modèle de régression robuste a été utilisé pour la construction des relations paramétriques 
entre la concentration de ces métaux (ou leurs Kd) et les paramètres environnementaux. Ces 
derniers ont été choisis sur la base d'une corrélation significative avec les concentrations des 
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métaux traces (Tableau 8.1). Un modèle robuste donne une réponse similaire à une régression 
classique par la méthode de moindres carrés, mais est moins influencé par la présence des 
valeurs extrêmes qui sont souvent rencontrées dans les études environnementales.  
Parmi les paramètres considérés, seule la salinité (exprimée comme conductivité) a pu être 
utilisée comme variable indépendante pour la prédiction des concentrations des éléments dans 
la phase filtrée. Pour ce qui est du Cu, Zn et Pb, l’inclusion des concentrations de ces 
éléments dans la phase particulaire comme variables indépendantes dans les droites de 
régression a permis d’augmenter la proportion de la variance expliquée par le modèle jusqu'à 
environ 50% (Zn) et 60% (Cu et Pb). La proportion de la variance expliquée par la régression 
entre conductivité et Ni dissous est aussi autour de 60%. Ces régressions doivent cependant 
être considérer avec prudence. La relation entre conductivité et concentration des éléments 
dans la phase filtrée pourrait être seulement une conséquence de la présence simultanée d’une 
pollution métallique et en ions majeurs, sans cependant indiquer aucune relation cause effet 
entre conductivité et désorption des métaux, ce qui pourrait être le cas pour des milieux non 
concernés par des impacts anthropiques. Les améliorations de la proportion de la variance 
expliquée par le modèle suite à l’inclusion des concentrations particulaires dans les droites de 
régression serait une conséquence de la présence des mines de Pb et Zn dans le cours 
supérieur de la Vistule. Pour le Cu, l’exclusion de certains points pour lesquels la 
concentration de Cu particulaire n’a pas été déterminée pourrait aussi être à l’origine des 
améliorations. En conclusion, l’utilisation des modèles proposés est probablement limitée aux 
zones d’études considérées dans la présente recherche. Toute extension à d’autres 
environnements demandent une validation très attentive. 
Par contre aucune régression n'a pu être établie entre les Kd pour ces 4 métaux et les 
paramètres environnementaux pris en considération (voir tableau 8.1). D’un point de vue 
purement qualitatif, les Kd montrent effectivement une relation inverse avec la conductivité 
(Fig. 8.7), ce qui serait en accord avec une augmentation proportionnelle de la désorption des 
métaux de la matière en suspension vers la phase filtrée. Cependant, cette relation est 
nettement influencée par d’autres paramètres tels que la concentration des MES (Fig. 8.8) et 
les facteurs géologiques, hydrologique et anthropiques déjà mentionnés dans la section 
précédente. La modélisation généralisée des Kd à partir des variables environnementales 
nécessite que le rôle de tous les paramètres soit quantifié et inclus dans le modèle. 
La possibilité de modéliser les concentrations de Cu, Ni, Pb et Zn dans la vraie solution à 
partir des valeurs correspondantes dans la phase filtrée a aussi été évaluée. En dépit des 
difficultés cachées dans la détermination des concentrations des métaux dans la phase filtrée 
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(voir chapitre 5), ces mesures sont beaucoup plus répandues par rapport à celles des 
concentrations dans la vraie solution. Comme les métaux traces ont un comportement très 
différent dans les phases colloïdales et vraie dissoute, l’estimation des deux à partir des 
concentrations dans la phase filtrée permettrait de calculer leur importance relative sans 
devoir effectuer des longues et complexes opérations d’ultra filtration. Cette type de 
connaissance est aussi importante pour une meilleure estimation des flux des éléments 
transportés par les rivières vers les océans. En particulier, les éléments transportés dans la 
phase colloïdale pourraient être retenus dans la zone estuarienne (Millward et Turner, 1995) 
ce qui déterminerait une réduction des flux vers l'océan et la rétention d'une quantité 
supplémentaire des dits éléments dans la zone côtière. Pour Cu, Ni et Zn des régressions 
robustes expliquant le 60-65% de la variabilité expérimentale ont pu être établie entre les 
concentrations dans la phase filtrée et dans la vraie solution. Pour le plomb, beaucoup de 
concentrations dans la vraie solution étaient en dessous des limites de détection de l’ICP-MS, 
ce qui n'as pas n'a pas permis d'établir une régression entre les concentrations filtrées et en 
vraie solution. L'association quasi totale du plomb avec les colloïdes a été documentée 
(Benoit, 1995), et le flux de cet élément à l'océan pourrait être surestimé. Pour Cu, Zn et Ni, 
l'application des régressions robustes à la rivière Pô suggère que le 20% de Cu, le 13% de Zn 
et le 50% de Ni, normalement considérés comme transportés dans la phase filtrée par la 
rivière Pô à l’Adriatique du Nord, puissent être en réalité associés aux colloïdes. 
 
Implication pour la bio disponibilité des éléments (chapitre 9) 
Une interprétation biologique des résultats de la spéciation par taille des éléments traces a été 
effectuée vis-à-vis de trois problématiques importantes: 
- la diminution de la biodisponibilité des métaux traces pour les organismes 
unicellulaires (représentés dans cette étude par l'algue Pseudokirchneriella 
subcapitata) liée à la présence de colloïdes dans le milieu naturel 
- le rôle de la fraction colloïdale dans la biodisponibilité des métaux pour des 
organismes filtreur (Brachionus calyciflorus) 
- l'effet de la formation de complexes entre les éléments traces et des ligands 
inorganiques (SO42-, Cl-, etc.) et organiques (matière organique naturelle) dans la 
vraie solution sur la bio disponibilité des éléments. 
L'examen de ces trois aspects a été possible grâce à un comparaison avec les résultats 
écotoxicologiques obtenus par le groupe de travail. 
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Ainsi, dans la zone de confluence entre les rivières Pô et Lambro, la présence des colloïdes 
semble exercer une certaine protection pour les algues face à la toxicité du Zn. La 
concentration de cet élément, mesurée dans la phase filtrée dans la rivière Lambro, s'élève à 
15.2 µg L-1, ce qui devrait produire des effets toxiques chez l'algue P. subcapitata (Chen et 
al., 1997). Cependant, si l'on admet que seule la fraction du Zn dans la vraie solution est 
disponible pour l'algue (modèle de l'ion libre), il faudrait plutôt évaluer la toxicité par rapport 
à la concentration de cette fraction. Il s'avère que, dans ce cas spécifique, la concentration du 
Zn dans la vraie solution est inférieure aux valeurs de CE50 reportées dans la littérature. Ceci 
est à mettre en relation avec le fait qu'environ le 30% du Zn est complexé par les colloïdes 
dans la rivière Lambro. 
La situation est différente dans les zones de confluence du Sebou - Fès et Vistule - Przemsza. 
Dans le premier cas, 50% ou plus des concentrations dans la phase filtrée est effectivement 
associée avec les colloïdes. Cependant, à cause de la forte contamination présente dans ce 
système, les concentrations dans la vraie solution sont restées suffisamment élevées pour 
provoquer une toxicité chez P. subcapitata (Koukal et al., 2004). Pour ce qui du système 
Vistule - Przemsza, la quasi - totalité des éléments est souvent présente dans la vraie solution 
et la réponse toxique est donc contrôlée par la formation de différents complexes dans cette 
phase. Il semble que des complexes non biodisponibles pourraient prédominer dans cette zone 
d'étude étant donné que, sur la base d'autres travaux effectués dans la Vistule pendant le 
projet, la toxicité pour P. subcapitata n'a pas toujours pu être mise en évidence à des 
concentrations de Cu et Zn dans la vraie solution allant jusqu'à 82 et 162 µg L-1 
respectivement (Guéguen et al., in press) 
Dans les cas du B. calyciflorus, les éléments associés aux colloïdes pourraient être autant 
biodisponibles que ceux en vraie solution. Il est donc nécessaire de déterminer l'importance 
relative de ces deux voies d'exposition pour cet organisme. Ceci a été mis en œuvre de 
manière qualitative pour le système Pô - Lambro. Les résultats obtenus montrent que les 
colloïdes peuvent contribuer à la toxicité des échantillons naturels pour B. calyciflorus même 
si la nature des colloïdes joue un rôle fondamental vis-à-vis de cette toxicité (voir la section 
9.1.2). 
Pour finir, l'estimation des différentes formes chimiques sous lesquelles Co, Cu, Ni et Pb sont 
présents dans la vraie solution a été effectuée à l'aide du logiciel VisualMinteq, une version 
pour la plate-forme Windows du logiciel MinteqA2 distribué par l'Agence pour la protection 
de l'environnement des Etats-Unis. L'accent a été mis d'une part sur l'estimation de la 
concentration de l'ion libre (considéré comme l'espèce la plus biodisponible pour les 
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organismes; Campbell, 1995) et d'autre part sur la nécessité de quantifier correctement la 
formation des complexes entre le Co, Cu, Ni et Pb et la matière organique naturelle (Town et 
Filella, 2002b; 2002c). En utilisant le modèle gaussien pour la distribution des sites de 
compléxation sur la matière organique (Fig. 9.2 et section 9.2.1), les concentrations "libres" 
des 4 métaux considérés ne devraient pas être toxiques dans le système Pô - Lambro (comme 
confirmé expérimentalement) tandis qu'une toxicité devrait être observée pour le Sebou - Fès 
et pour la Vistule - Przemsza. Dans ces deux derniers cas l'accord parmi les résultats obtenus 
et les prévisions théoriques est seulement partiel. D'autres substances toxiques, en plus des 
éléments traces, sont probablement présentes dans le Sebou - Fès où des conditions d'anoxie 
ont été rencontrées dans 3 sites sur 4. Par contre, une révision des constantes de compléxation 
entre métaux et matière organique semble être nécessaire pour prédire correctement la toxicité 
des métaux dans la Vistule - Przemsza, étant donné que les constantes incorporées dans tous 
les modèles de spéciation sous-estiment la complexation entre métaux et matière organique 
naturelle. Cette complexation pourrait effectivement réduire les concentrations d'ions libres 
dans le système Vistule - Przemsza à des niveaux non toxiques.  
 
Conclusion 
Les investigations méthodologiques entreprises au cours de ce travail ont mis en évidence 
que: 
- la centrifugation en flux continu et la filtration sur membrane donnent des résultats 
comparables quant aux concentrations des éléments trace dans la matière en 
suspension. Cependant, l'effluent des appareils de centrifugation ne peut pas être 
utilisé pour l'analyse des éléments traces à cause des risques de contamination; 
- la limite opérationnelle entre matière en suspension et phase filtrée ainsi que le 
choix des outils de filtration des échantillons naturels devraient être évalués pour 
chaque étude, à l'aide des techniques (tels que le compteur de particules) 
permettant de vérifier d'une façon indépendante les performances des différents 
filtres ou cartouches. 
Pour ce qui est de la distribution des éléments parmi la phase particulaire, les colloïdes et la 
vraie solution, il semble possible de distinguer 4 groupes d'éléments: 
- groupe 1 (Al, Ti, et Pb): associé de préférence (> 90%) à la phase particulaire et 
avec au moins 40% de la concentration filtrée liée aux colloïdes HMW; 
- groupe 2 (Co, Cu, Fe, Mn, Ni, et Zn): caractérisé par une variabilité de leurs 
distributions en fonction des paramètres environnementaux; 
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- group 3 (As, Mo, Sb et U): généralement présent surtout dans la vraie solution sauf 
dans le système Sebou - Fès où la particularité du bassin semble entraîner une 
compléxation plus forte entre ces éléments et la MES et les colloïdes; 
- Group 4 (Cr et V): ces deux éléments montrent une distribution semblable entre les 
phases particulaire et filtrée, probablement à cause de facteurs géologiques. 
Cependant, V tend aussi à former des complexes anioniques dans les systèmes 
étudiés et il est peu associé aux colloïdes, tandis que le dégrée d'association entre 
Cr et colloïdes varie en fonction de sa forme redox. 
Cette étude a aussi démontré l'importance des colloïdes vis-à-vis du comportement des 
éléments traces dans les zones de confluence entre une rivière et un tributaire pollué. De plus, 
des outils de modélisation qui pourraient être utilisés pour l'estimation des flux colloïdaux et 
vraie dissous des éléments depuis les rivières vers la mer ont été proposés. 
Pour ce qui est des coefficients de partitionnement, l'utilisation du Kpc au lieu du plus 
classique Kd peut diminuer la variabilité normalement observée pour ce dernier coefficient, si 
la présence des colloïdes est la cause principale de cette variabilité. D'autre part, la 
modélisation des coefficients de partage dans plusieurs systèmes à partir des paramètres 
environnementaux apparaît plus difficile étant donné que certains paramètres (notamment la 
géologie du bassin versant, l'hydrologie et la pression anthropique) ne sont pas facile à inclure 
dans un modèle paramétrique.  
Finalement, l'examen des résultats vis-à-vis de certains problèmes écotoxicologiques a mis en 
évidence qu'une appréciation correcte de la spéciation par taille des éléments peut aider à 
mieux interpréter les résultats de test écotoxicologique en laboratoire. De même, l'utilisation 
de modèles de spéciation couplée aux études de partitionnement semble aussi pouvoir être 
utile à condition que des meilleures constantes de complexation entre métaux et matière 
organique soient définies. 
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Abstract 
This research was carried out at the F.-A. Forel Institute in the framework of two larger 
projects funded by the Swiss National Science Foundation (Fonds National Suisse de la 
Recherche Scientifique, FNRS): "Partitioning of trace metals and their bioavailability in 
continental surface waters" and "Mobility and bioavailability of metals in continental surface 
waters. An integrated approach - Part 1".  
The overall aim of the projects was to improve the current understanding of the relative 
importance of the truly dissolved, colloidal and particulate pathways controlling element 
mobility in natural environments and element bioavailability to different organisms. Specific 
goals of this research included: 
- a critical evaluation of a few widely used techniques for sample fractionation, 
- a detailed study of element distribution in contrasting aquatic environments and 
examination of the general mechanisms determining such distribution, including a 
critique of the partition coefficient (Kd concept) 
- an ecotoxicological interpretation of the partitioning results. 
This thesis is one of the results of a team effort involving sampling of ten contrasting aquatic 
systems in four different countries (Italy, Morocco, Poland, and Switzerland) in different 
climatic, geomorphologic and anthropogenic settings. Variability of master parameters was 
roughly 2 orders of magnitude for SPM and conductivity and from 0 to 100% oxygen 
saturation; while the pH range was typical of carbonatic waters. Differences in basin geology 
and degree of anthropogenic impact were also present providing a data set suitable for 
searching general mechanisms of elemental behaviour in aquatic systems.  
Over 30 samples were fractionated using various combinations of continuous flow 
centrifugation, membrane filtration, conventional and tangential flow filtration for the 
separation of the particulate, colloidal and truly dissolved element fractions. 
Results show that using the conventional 0.45µm size boundary between the particulate and 
total filterable phase (as opposed to the use of the theoretical Stokes' limit of 1µm) can result 
in the inclusion of some large colloids, and associated elements, into the particulate fraction. 
Depending on the element and on the system under study, the use of different filtration 
devices can also cause large differences in the corresponding total filterable metal 
concentration. These findings suggest that extensive monitoring studies should always include 
a preliminary in situ evaluation of the possible limitations and drawbacks of the 
methodological protocols of choice. Sample fractionation should be coupled with particle 
counting techniques which provide useful information for the comparison of different data 
sets. 
Detailed results of elemental distribution between particulate, colloidal and truly dissolved 
phases (21 samples from contrasting environments) showed that: 
- Al and Ti (terrigenous elements) and Pb (a highly particle reactive element) are 
preferentially transported in the particulate phase and show a significant (40-50% 
or higher in most cases) association with colloids in the total filterable phase. 
- Fe and Mn (redox sensitive elements) and the trace metals Co, Cu, Ni, Zn have 
varying distribution which are correlated with master variables such as SPM, 
conductivity, and percentage oxygen saturation; although this does not necessarily 
imply the existence of cause-effect relationships among element distributions and 
the master variables. The behaviour of Co (and to a lesser extent that of Ni) 
follows almost perfectly that of Mn across aquatic systems. 
- As, Mo, Sb, V, and U (oxyanions) are normally transported in the truly dissolved 
phase (i.e. show little association with both SPM and colloids). A different 
behaviour can however be observed in the presence of positively charged surfaces 
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(both particulate and colloidal) which can effectively complex these elements. 
Higher concentrations of V in the particulate phase occur in the presence of 
peculiar rock types. 
- Cr shows a different degree of association with SPM, colloidal and truly dissolved 
phases, most probably depending on the equilibrium between the Cr(VI) and the 
Cr(III) forms. Results from the research group suggest that no Cr(VI) occur in the 
colloidal phase, while Cr(III) can be present in both colloidal and truly dissolved 
phase. 
 
The variability of element distribution is reflected in the partition coefficients which also 
covary with master variables and are influenced by basin geology and anthropogenic impact. 
Spatially constant partition coefficients could sometimes be calculated by correcting the 
conventional Kd values for the presence of colloidal solids. This procedure defines a Kpc 
coefficient which may be better suited than the traditional Kd for the study of element 
partitioning in natural environments. A general reflection was made as to the theoretical 
thermodynamic basis underpinning the concept of partition coefficients. In particular, the 
assumption that a given system is at equilibrium at least with respect to fast adsorption / 
desorption processes can be no longer valid in a number of situation. Consideration of factors 
other than sorptive equilibria appears to be necessary to correct for the spatial and temporal 
variability of partition coefficients both within and across aquatic systems. 
For the systems of interest, the variability of the total filterable concentrations of a few 
elements could be modelled from conductivity and particulate element content (in µg g-1). 
Extension of modelling results to other systems is not straightforward. Many sites included in 
this study were subject to a medium to high degree of anthropogenic influence and the 
observed correlation (especially with conductivity) may not reflect a cause-effect relationship 
among variables, but only the simultaneous occurrence of different anthropogenic impacts 
(e.g. sewage inputs can increase both metal content and salinity of waters).  
Interesting parametric relationships were found between the total filterable and truly dissolved 
Cu, Zn, and Ni concentrations. These relationships generally account for over 80% of the 
observed variability. Such results may have important consequences for improving the 
accuracy of river born fluxes of these metals to coastal seas. In particular, Ni (and possibly 
Pb) fluxes to the open sea may have been overestimated by 50% or more. Otherwise stated, a 
larger fraction of these two elements may be retained in highly sensitive estuarine zones for 
periods much longer than the corresponding water residence times. Even if the bulk flux of 
many elements is generally transported in association with SPM, the total filterable fraction is 
more reactive from the biogeochemical point of view. Such situation makes the 
apportionment of total filterable fluxes between the colloidal and truly dissolved fractions a 
non-trivial problem. 
The presence of colloidally bound elements may affect toxicity to algal and filter feeder 
organisms. Practical ecotoxicological work was developed by other members of the team. 
Comparison of measured elemental concentrations with EC50 values reported in the literature 
shows that the use of truly dissolved metal concentrations (instead of total filterable ones) 
may be more adequate for the interpretation of ecotoxicological results. Adequate 
consideration of the different chemical forms present in the truly dissolved phase can further 
improve the agreement between chemical measurements and ecotoxicological results.  
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GLOSSARY OF DEFINITIONS, ACRONYMS AND ABBREVIATIONS  
USED IN THE TEXT 
 
 
Note: all definitions of phases are operational. See chapters 4 and 5 for explication of the 
methodological choices adopted in the present work. 
 
 
DEFINITIONS 
 
SPM (Suspended particulate matter) or particles or particulate phase: material retained by the 
pores of 1.2µm filtration devices. 
 
Total Filterable Phase: material passing through the pores of 1.2 µm filtration devices. 
 
Coarse Colloids: material with size approximately comprised within the range 0.45-1.2 µm 
 
Total Dissolved Phase: material passing through the pores of 0.45µm filtration device and 
which includes colloids smaller than 0.45 µm and the Truly Dissolved Phase (see). 
 
Total colloids: colloidal material in the size range 1 kDa - 1.2 µm. 
 
HMW (High Molecular Weight colloids): colloidal material in the size range 10 kDa - 1.2 
µm. 
 
LMW (Low Molecular Weight colloids): colloidal material in the size range 1-10 kDa. 
 
Truly Dissolved Fraction (TD): material passing through the pores of a 1kDa ultrafiltration 
cartridge. 
 
Retentate: fraction not crossing the pores of an ultrafiltration membrane. 
 
Permeate: fraction passing through the pores of an ultrafiltration membrane. 
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ACRONYMS 
 
AA: Amino-acids 
 
BLM: Biotic Ligand Model 
 
BSA: Bovine serum albumin 
 
CFC: Continuous Flow Centrifugation 
 
COC: Colloidal Organic Carbon 
 
CSS: Colloidal Suspended Solids 
 
DOC: Total filterable (i.e. < 1.2µm) Organic Carbon (literally: Dissolved Organic Carbon) 
 
EC50: Effect Concentration 50%. Concentration of a pure element / substance (or percentage 
dilution of an aqueous sample) at which 50% of the text organisms show a response in 
laboratory toxicity tests 
 
FFF: Field Flow Fractionation 
 
FIAM: Free Ion Activity Model 
 
GAU: Gaussian DOM (dissolved organic matter) model 
 
HDPE: High-density polyethylene 
 
NOM: Natural Organic Matter 
 
p.c.e.: particle concentration effect 
 
OC: Organic Carbon 
 
SHM: Stockholm Humic Model 
 
SPC: Single Particle Counter 
 
TFF: Tangential Flow Filtration 
 
UOC: Ultrafilterable Organic Carbon 
 
XRD: X-Ray Diffraction 
 
XRF: X-Ray Fluorescence 
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ABBREVIATIONS 
 
[Me]SPM: elemental concentration associated with the SPM (in µg element per g of SPM) 
 
[Me]TF: elemental concentration in the total filterable phase (in µg L-1) 
 
[Me]TD: elemental concentration in the truly dissolved phase (in µg L-1) 
 
[Me]Coll: elemental concentration associated with CSS expressed in µg element per g of 
colloidal matter 
 
[Me]Perm: elemental concentration in the permeate of the corresponding ultrafiltration 
cartridge. In this study, [Me]Perm = [Me]TD for the 1 kDa cartridge 
 
[Me]TotColl: element concentration in the total colloidal phase (1 kDa - 1.2 µm) 
 
Kd: ratio of particulate vs. total filterable element concentration (see formula 4c) 
 
Kp: ratio of particulate vs. truly dissolved element concentration (see formula 4d) 
 
Kp10: Kp calculated as the ratio of particulate element concentration vs. element concentration 
in the permeate of the 10 kDa 
 
Kp1: Kp calculated as the ratio of particulate element concentration vs. element concentration 
in the permeate of the 1 kDa 
 
Kc: ratio of colloidal vs. truly dissolved element concentration (see formula 4e) 
 
KTot: as above but used in juxtaposition with KcHMW and KcLMW (see below) to differentiate 
among the different colloidal pools which can be used at the numerator of the Kc expression 
 
Kc10 (or KcHMW): Kc calculated as the ratio of HMW colloidal element concentration vs. 
element concentration in the permeate of the 10kDa cartridge 
 
Kc1 (or KcLMW): Kc calculated as the ratio of LMW colloidal element concentration vs. truly 
dissolved element concentration 
 
Kpc: ratio of particulate + colloidal vs. truly dissolved element concentration (see formula 4f) 
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1.1.Trace elements and the hydrological cycle 
Trace elements occur naturally in rocks forming the Earth surface where their relative 
abundance varies depending on rock type (Table 1.1). Following chemical, physical and 
biological weathering of exposed rocks, trace elements enter the hydrological cycle (Fig. 1) 
where they remain until removal to the deep oceanic sediments. Here, elements are 
immobilised until diagenetic, magmatic and metamorphic processes bring them back to the 
Earth surface and a new cycle begins. Besides weathering of surface rocks, atmospheric 
and oceanic volcanism and oceanic weathering of rocks can represent other significant 
sources of trace elements to aquatic environments. 
The oceanic residence time for different elements varies from tenths to millions of 
years. Elements which exist in solution as hydrated ions (e.g. Na, K, Mg, Ca) spend as 
much as 106 to 107 years in the water column; while Fe, Al, and Ti, which can form 
insoluble hydroxides, take only approximately 50, 600 and 4000 years to reach the sea 
floor (Libes, 1992). Oceanic residence times for the transition elements most impacted by 
human activities (e.g. Cu, Zn, Cd, Pb, Ni, Cr) are generally in the order of 102 years, 
although elements forming anionic complexes in sea water (e.g. As, Mo, Sb) have 
residence times up to 104-105 years (Libes, 1992). Note that volatile elements (e.g. As and 
Hg) can be cycled back to the atmosphere several times before reaching the oceanic 
sediments.  
Anthropogenic activities affect the element hydrological cycle in two different ways: 
by increasing the natural rate of elemental mobilisation from their geochemical 
depositories (i.e. mining of crustal rocks or ores) and by altering the form (i.e. the 
speciation) of the metal (Förstner and Wittmann, 1981; Salomons and Förstner, 1984; 
Förstner et al., 1986; Helios-Rybicka and Förstner, 1986; Förstner, 1990; Benjamin and 
Honeyman, 1992; Meybeck, 2001a, 2002). Note that human activities can also influence 
detrital (i.e. natural) fluvial sediment transport and hence cause modifications in natural 
elemental fluxes (Hay, 1998; Meybeck, 2001b). Following such perturbations, elemental 
fluxes adjust accordingly until a new steady state is reached among the reservoirs. Since 
residence times in some reservoirs (notably oceanic and, to a lesser extent, estuarine 
sediments) are long compared with water residence times and human-induced changes in 
fluxes (Libes, 1992; Millward and Turner, 1995), achievement of a new steady state may 
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be delayed and net metal accumulation occurs in these reservoirs over short (on a 
geological scale) periods. The presence of contaminated sediments is indeed well 
documented in the course (Förstner and Wittmann, 1981; Salomons and Förstner, 1984; 
Förstner, 2002) and at the mouth of many anthropised rivers (den Besten et al., 1995; Borg 
and Jonsson, 1996; Camusso et al., 1999a; Förstner and Wittman, 1981; Salomons et al., 
1988) and geochronological studies have shown their potential usefulness to evaluate the 
efficiency of remedial action at a river basin scale (e.g. Beurskens et al., 1993).  
 
 
Table 1.1. Typical concentrations of some trace elements in the Earth's crust and major rock types. (from 
Alloway and Ayres, 1993. Ti is from Salomons and Förstner, 1984; Th from Marshall and Fairbridge, 1999). 
Units are in µg g-1 except for Ti which is given as %. 
 
  Igneous rocks Sedimentary rocks 
 Earth's crust Ultramafic Mafic Granitic Limestone Sandstone Shales/ Clays 
Ag 0.07 0.06 0.01 0.04 0.12 0.25 0.07 
As 1.50 1 1.5 1.5 1 1 13 
Au 0.004 0.003 0.003 0.002 0.002 0.003 0.0025 
Cd 0.1 0.12 0.13 0.09 0.028 0.05 0.22 
Co 20 110 35 1 0.1 0.3 19 
Cr 100 2980 200 4 11 35 39 
Cu 50 42 90 13 5.5 30 39 
Hg 0.005 0.004 0.01 0.08 0.16 0.29 0.18 
Mn 950 1040 1500 400 620 460 850 
Mo 1.5 0.3 1 2 0.16 0.2 2.6 
Ni 80 2000 150 0.5 7 9 68 
Pb 14 14 3 24 5.7 10 23 
Sb 0.2 0.1 0.2 0.2 0.3 0.05 1.5 
Se 0.05 0.13 0.05 0.05 0.03 0.01 0.5 
Sn 2.2 0.5 1.5 3.5 0.5 0.5 6 
Ti 0.6 -- -- -- 0.4 0.03 -- 
Tl 0.6 0.0005 0.08 1.1 0.14 0.36 1.2 
Th -- -- -- 21.5 1.2 3.9 11.7 
U 2.4 0.03 0.43 4.4 2.2 0.45 3.7 
V 160 40 250 72 45 20 130 
W 1 0.1 0.36 1.5 0.56 1.6 1.9 
Zn 75 58 100 52 20 30 120 
 
 
Furthermore, the often contemporary changes in element physico-chemical form 
(section 1.3) further alter metal mobility and fate. Depending on the time scales involved, 
both processes can result in an adverse effect onto both human population (e.g. Hg 
pollution in Minamata Bay, Cd pollution and the related itai-itai disease - see Förstner and 
Wittmann, 1981; Clark, 1992a,b) and aquatic ecosystems at the organism, population, 
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community or ecosystem levels (Clark, 1992a,b; Walker et al., 1996). Protection of human 
health and preservation of ecosystem integrity are the ultimate reason for our need to 
understand the factors controlling metal transport and bioavailability in aquatic 
environments. 
 
1.2.Trace element sources and pathways to the aquatic environments 
Although natural sources are generally responsible for a considerable part of element 
inputs to the hydrosphere (Table 1.2), anthropogenic fluxes of some elements are 
comparable to or exceed the natural ones (Schindler, 1991; Poulton and Raiswell, 2000; 
Meybeck, 2002). Furthermore significant local or regional contamination problems may 
still be present, even when the global anthropogenic modification of a flux is 
comparatively small (e.g. Guéguen and Dominik, 2003; Khamar et al., 2000; Schemel et 
al., 2000). 
 
 
 
 
 
Figure 1.1. Schematic representation of trace metal movements among environmental compartments during 
the hydrological cycle (from Salomons and Förstner, 1984) 
 
Besides mining operations, sources of metal pollution include agricultural materials 
(impurities in fertilisers, pesticides, desiccants, wood preservatives), wastes from pig and 
poultry production, composts and manure, sewage and sewage sludge, corrosion of metal 
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objects, fossil fuel combustion, metallurgical industries, electronics and other 
manufacturing activities (Alloway and Ayres, 1993). Some sources (e.g. sewage or 
industrial effluent) can directly affect surface waters; while others (e.g. fossil fuel 
combustion) represent indirect sources to the aquatic environments via atmospheric 
deposition as it is the case of volcanic born metals (see section 1.1).  
 
Table 1.2. Global estimates of trace element inputs to the oceans from different sources. Since some elements 
(Al, Fe, Ti) are present at trace levels in waters but are major constituents in rocks, suspension and bed 
sediments, the order of presentation in the table is established on the base of "global stream load" (from the 
highest to the lowest). Units are in 109 g y-1 (modified from Libes, 1992).  
 
Element Stream load Mining Continental 
and volcanic 
dust 
Industrial and 
fossil fuel 
emissions 
Atmospheric 
rainout 
Al 17,000,000 120,000 490,000 72,000 33,000 
Fe 9,900,000 600,000 280,000 110,000 49,000 
Ti 840,000 10,000 35,000 5,200 2,700 
Mn 160,000 92,000 6,100 3,200 3,000 
Zn 25,000 58,000 360 8400 10,000 
As 3,000 460 28 780 2,900 
V 24,000 190 650 2,100 1,900 
Cr 17,000 23,000 580 940 720 
Ni 13,000 6,600 280 980 1,200 
Cu 11,000 71,000 190 2,600 2,600 
Pb 4,700 35,000 59 20,000 5,700 
Co 3,500 260 70 44 62 
Cd 1,200 170 3 55 510 
Sb 1,000 690 10 380 340 
Mo 700 830 11 510 310 
 
Direct inputs to water bodies can be in either particulate or dissolved form and re-
equilibration between the two phases usually takes place once elements have entered the 
aquatic environment (Meybeck and Helmer, 1996). It is at this point that speciation (see 
sections 1.3 and 1.4) becomes important in determining element behaviour and 
bioavailability to different organisms. However, inputs to the particulate phase can also 
occur in association with insoluble minerals containing high concentrations of some trace 
elements in their lattice. Examples of such situations include high concentrations of Cr and 
Ni in the river Po basin (Italy) due to the presence of mafic and ultramafic rocks (Venturini 
et al., 1996; Amorosi et al., 2002), elevated Pb and Zn levels in the upper Vistula basin 
(Poland) linked to the existence of galena (PbS) and sphalerite (ZnS) ores (Helios-Rybicka, 
1983), As (and Pb-Zn-Au) in Swiss soils also due to the presence of mines (Pfeifer et al., 
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1996; Pfeifer and Rey, 1998; Pfeifer et al., 2000), and high Cu levels due to the presence of 
chalcopyrite in the Kafue river - Zambia (Pettersson and Ingri, 2001). In such cases, 
particulate elements are relatively immobile and can be rather rapidly removed to bed 
sediments before re-equilibration between the particulate and total filterable phase can be 
achieved. Note however that post depositional transfer between the particulate and total 
filterable phases would still be possible (especially when sulphide minerals are involved) 
but because of processes other than adsorption / desorption equilibria. 
 
1.3. Element partitioning in aquatic environments 
The term partitioning has come in use to indicate the study of trace elements (and 
organic micropollutants) based on size fractionation of a water sample. Rigorously 
speaking, the term "speciation by size" would be more appropriate since speciation 
designate the complete species distribution of an element. This study will follow the 
partitioning convention to facilitate reference to the literature.  
Another ambiguity of the term partitioning in environmental studies resides in its use to 
indicate both the element "speciation by size" and the element distribution among the 
different mineral phases (e.g. Fe-Mn oxy-hydroxides, organic matter, carbonates) which 
occur in suspended sediments (Tessier, 1992). In this work, the term “partitioning” will be 
used with reference to the first meaning unless otherwise specified.  
 
1.3.1. Partitioning between phases 
Metal partitioning is important since it determines, on anthropogenically relevant time 
scales, whether a given element will be removed from the water column and accumulated 
in sediments or it will undergo long distance transport to a coastal and open ocean 
environment. Note that if sedimentation occurs in the backwaters of lotic environments, 
sediment bound contaminants may be periodically remobilised (by dredging, e.g. Förstner 
and Calmano, 1998; or natural high flow events, e.g. Vignati et al., 2003) until they reach a 
final sink (i.e. lacustrine or oceanic sediments). The first study on elemental partitioning 
between total filterable vs. particulate phase was performed by Goldberg et al. (1952) who 
separated the metal pools based on their ability to cross the pores of a 0.5µm (approximate 
pore size) membrane filter. This size boundary, or more precisely the 0.45µm pore size, 
has been adopted by many researcher and, along with the 0.2-0.22µm cut-off, still enjoys 
the highest popularity (Table 1.3).  
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Table 1.3. Non-exhaustive review of recent literature (1990-present) on trace element partitioning between 
the particulate and total filterable phase. The 0.40µm cut-offs appears since screen type polycarbonate 
membrane filters from some manufacturers are not available in the 0.45µm cut-off. References marked with 
(*) include also results of colloidal vs. truly dissolved metal fractionation. Multiple filter cut-offs indicate the 
use of cascade filtration or comparative methodological studies (modified and updated from Guéguen, 2001). 
$: hollow-fiber filter 
 
Filter cut-off 
(µm) 
Reference  Filter cut-off 
(µm) 
Reference 
0.04$ Nozaki et al. (2000)  0.45 Elbaz-Poulichet et al. (1999) 
0.2 Dupré et al. (1999)*  0.45 Gundersen and Steinnes (2003)* 
0.2 Eyrolle et al. (1996)*  0.45 Ingri et al. (2000)* 
0.2 Eyrolle and Benaim (1999)*  0.45 Munksgaard and Parry (2001) 
0.2 Guo et al. (2000a)*  0.45 Pettine et al. (1994) 
0.2 Jaïry et al. (1999)*  0.45 Pettine et al. (1996) 
0.2 Moran et al. (1996)  0.45 Pham and Garnier (1998)* 
0.2 - 0.8 - 5.0 Pokrovsky and Schott (2002)  0.45 Porcelli et al (1997)* 
0.2 Sanudo-Wilhelmy et al. (1996)*  0.45 Powell et al. (1996)* 
0.2 Wells et al. (1998)*  0.45 Ross and Sherrel (1999)* 
0.2 Wells et al. (2000)*  0.45 Schemel et al. (2000) 
0.22 Benedetti et al. (2003)*  0.45 Sherrel and Ross (1999) 
0.22 Seyler and Boaventura (2003)  0.45 Sigg et al. (2000)* 
0.22 Skrabal (1995)  0.45 Sokolowski et al. (2001) 
0.4 Camusso et al. (1998)*  0.45 Stordal et al. (1996)* 
0.4 Cotté-Krief et al. (2000)  0.45 Turner et al. (2002) 
0.4 Dai et al. (1995)*  0.45 Vignati et al. (2003) 
0.4 Guieu and Martin (2002)  0.45 - 1.2 Vignati and Dominik (2003) 
0.4 Kraepiel et al. (1997)*  0.45 Wen et al. (1996) 
0.4 Li et al. (1984)  0.45 Wen et al. (1999)* 
0.4 Martin et al. (1995)*  0.45 Zhang (1995) 
0.4 - 0.5 - 1.0 Morrison and Benoit (2001)  0.45 Zhou et al. (2003) 
0.4 Muller (1998)*  0.45 Zwolsman et al. (1997) 
0.4 Shafer et al. (1999)  0.5 Benoit et al. (1994) 
0.4 Shiller (1997)  1.0 - 25 Douglas et al. (1993)* 
0.4 Swarzenski et al. (1995)*  1.0 Greenamoyer and Moran (1996)* 
0.45 Abollino et al. (2001)  1.0 Greenamoyer and Moran (1997)* 
0.45 Benoit and Rozan (1999)*  1.2 Guéguen and Dominik (2003)* 
0.45 Bertine and VeronClark (1996)*  1.2 Guéguen et al. (2000) 
0.45 Camusso et al. (1999b)  1.0 Ran et al. (2000)* 
0.45 Dai and Martin (1995)*  1.2 Vignati et al. (2004)* 
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At present, more detailed studies on metal partitioning among the particulate, colloidal 
and truly dissolved (or soluble) phases are gaining momentum due to the increasing 
awareness of the importance of colloids in controlling element behaviour in the 
biogeochemical cycles (Buffle and Leppard, 1995a,b; Buffle et al.,1998; Honeyman and 
Santschi, 1988; Gustafsson and Gschwend, 1997).  
Based on a number of definitions, colloidal material includes entities with at least one 
dimension in the range 1µm – 1nm (International Union of Pure and Applied Chemistry - 
IUPAC), whose removal from the water column is controlled by processes other than 
gravity settling and which form an interface for adsorption of contaminants or, depending 
of context, natural elements (Buffle et al., 1992; Gustafsson and Gschwend, 1997).  
Following the IUPAC definition, the following compartments in aquatic environments can 
be defined: 
- Particulate phase (or particles): components with size over 1 µm 
- Total filterable phase: components with size less than approx. 1µm including 
both colloids and true solution 
- Colloids (or macromolecules): components with a size in the range 1 µm – 1 
nm (approx. 1 kDa), which can be further divided into High Molecular Weight 
(HMW) and Low Molecular Weight (LMW) fractions (see chapter 4) 
- Truly dissolved phase: components with size less than 1 nm (approx. 1 kDa) 
These size boundaries can be seen as a particular case of a more general classification of 
aquatic system by size fractionation (Fig. 1.2).  
Note that different techniques, each one with its own advantages and disadvantages, 
can be used for isolating the different fractions (chapter 4). Ideally, true solution could be 
further fractionated into free hydrated elements and complexes but, at present, such 
separation can not be achieved by physical means. 
The size boundaries based on IUPAC definitions, albeit operational, retain a certain 
physical meaning which is worth examining in some detail. In the presence of laminar flow 
conditions, the terminal settling velocity of spherical particles is expressed by the Stokes' 
law: 
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where:   µi = terminal settling velocity of particles of size i in laminar flow 
conditions     (cm s-1) 
   g = gravitational acceleration (cm s-2) 
  h = water viscosity (g cm-1 s-1) 
  rp = particle density (g cm-3) 
  r  = water density (g cm-3) 
  D = diameter of spherical particles of size i (cm2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Simplified schematic classification of a model aquatic environment according to size 
fractionation into different phases/components. HMW and LMW see glossary (p. XXXVIII). 
 
Based on a model lake, O'Melia (1980) showed that considering Stokes' law as the 
only particle removal mechanism should result in particle concentration increasing with 
water depth. This phenomenon follows from the increase of water viscosity with 
decreasing temperature, which, in a lake, normally occurs moving from the surface to the 
bottom. The temperature decrease observed when moving from the epilimnion to the 
Aquatic environment 
Particles 
Filtrable phase 
Sand Silt Clay 
Colloids True solution 
 
LMW HMW 
Decreasing size 
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hypolimnion approximately doubles water viscosity. According to formula 1a, such an 
increase in water viscosity would halve the settling velocity. Practically speaking, the 
resultant of all these processes should be a higher particle concentration in the hypolimnion 
than in the epilimnion. In reality, this does not occur because submicron particles coagulate 
to form larger aggregates which can be removed by gravitational settling (O'Melia, 1980). 
Taking coagulation into account, particle concentration in the model lake is found to 
decrease with depth and O'Melia (1980) concludes that: "…coagulation can profoundly 
affect the concentration and flux of (submicron) particles in limnetic systems which in turn 
exert significant controls on the transport and fate of pollutants associated with this 
particles". 
By combining coagulation theory for hydrophobic colloids with Stokes' law for large 
particles, a model to simulate flocculation in water treatment tanks was developed (Lawler 
et al., 1980). On the basis of this model, Filella and Buffle (1993) predict the existence of 
three well defined particle size ranges in aquatic systems: 
 
- particles in the range 1-100 nm which coagulate almost immediately to form 
aggregates in the range 100-700 nm 
- particle in the range 100-700 nm which coagulate and sediment slowly and 
remain in suspension over periods of hours to days 
- particles larger than 700 nm which are rapidly removed by sedimentation 
Note however that the existence of colloids smaller than 100nm (down to a few 
nanometres) has been confirmed by TEM observations (e.g. Perret, 1994) and may be 
explained by assuming association between hydrophobic colloids (potentially subject to 
fast coagulation) and bigger organic macromolecules to form stable aggregates (Filella and 
Buffle, 1993; Wilkinson et al., 1997). Given these considerations, the size boundaries 
adopted in the present study appear to fit reasonably well with the theoretical expectations.  
At this point, it is important to note that, in practice, all size boundaries between 
phases have a somehow operational character. The distribution of natural components (and 
associated contaminants) is actually continuous (Fig. 1.3) and the size of colloidal matter 
forming a stable suspension in water is a function of the coagulation mechanisms (Stumm 
and Morgan, 1996) and, possibly, of the total suspended matter concentration (Gustafsson 
and Gschwend, 1997). Some of the problems connected with choosing the most 
environmentally significant limits for phase boundaries are further discussed in chapter 5. 
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From the point of view of metal mobility, colloids mediate elemental transfer between 
particles and true solution via the now well-established mechanism of colloidal pumping 
(Honeyman and Santschi, 1989, 1991; Wen et al., 1997). Furthermore growing evidence, 
although with some contrasting results, points to a role of colloids in controlling elemental 
bioavailability to aquatic organisms (Campbell, 1995; Wang and Guo, 2000; Koukal et al., 
2003, Vignati et al., 2004).  
 
1.3.2. Chemical partitioning 
As mentioned before, the term particles collectively indicates all suspended material 
having a size greater than 1 µm, or other specified size limits (Table 1.3). As highlighted 
by figure 1.3, this physical definition can pool together very different classes of chemical 
compounds/phases. Under certain conditions single well-defined chemical phases (e.g. Fe 
oxy-hydroxides, Mn oxides, calcite) may occur, but the existence of mixed, multiple phase 
particles is more common (Salomons and Förstner, 1984; Kersten and Förstner, 1989; 
Förstner, 1990; Mackey and Zirino, 1994; Tessier et al.,1996). Mackey and Zirino (1994) 
describe environmental particles as onions containing a mineral nucleus (often quartz) onto 
which different layers of inorganic oxides, clays, calcite and organic matter grow to form 
the onion layers. 
This structural complexity clearly makes the study of chemical partitioning a difficult 
task. Particulate trace elements can be either incorporated in the crystalline matrix of some 
minerals (e.g. silicates and clays; see table 1.1) or adsorbed onto mineral/organic surfaces. 
The two metal pools clearly have different environmental mobility (Tessier et al., 1979; 
Peijnenburg et al., 1997; Peijnenbrug and Jager, 2003) with the former possibly 
undergoing remobilization only during diagenesis and the latter being more mobile within 
the biogeochemical cycle. However, as in the case of speciation by size, the accurate 
determination of the various particulate sorbing phases, and associated elements, is not a 
trivial task and is invariably subject to a certain number of operational definitions and 
limitations. 
At present, a plethora of sequential extraction methods exists (e.g. Breward et al., 
1996; Godtfredsen and Stone, 1994; Tessier, 1979; Quevauviller et al., 1994; see also 
Förstner and Wittmann, 1981 and Salmons and Förstner, 1984) to differentiate among 
exchangable, Fe-Mn oxides bound, organic and residual (i.e. bound to crystalline matrix) 
metal pools. These methods have varying degrees of environmental relevance depending 
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on the chemicals and conditions used during the extraction. Furthermore, they can be 
applied for two conceptually different purposes: a) determine the association of an element 
with a given component/phase of particles and b) assess the relative mobility of elements 
for a given set of conditions. For the former aspect the main problem is that none of these 
method is entirely phase specific and that re-adsorption of extracted elements onto the 
particulate material can take place (Kheboian and Bauer, 1987; Martin et al., 1987; Xiao-
Quang and Bin, 1993). As to metal mobility, these methods can provide interesting 
indications on the relative mobility of various metal particulate pools but the conditions 
applied during the extraction are generally very far from those which can be encountered in 
the natural environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Domains of size distributions for different types of particles in aquatic systems (from: Buffle and 
van Leeuwen, 1992). 
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One innovative chemical speciation method consist in exposing field collected 
particles to gut fluids isolated from natural organism (Chen and Mayer, 1998; Chen et al, 
2000; Weston and Mayer, 1998). Although even less phase specific than its traditional 
counterparts, this kind of procedure provides an ecologically relevant measurement of 
elemental bioavailability to aquatic organisms. As far as now, its applicability has been 
limited to marine organisms. Preliminary results of its potential application to freshwater 
invertebrates are examined in chapter 5. 
 
 
1.4. Estimation of the "free" element concentration 
Within the truly dissolved phase, an element can exist as hydrated free cation (or as 
oxyanion) or as small-sized soluble inorganic or organic complexes which intervene in 
regulating elemental mobility and bioavailability. The concentration of the free element in 
the true solution is determined by the equilibrium among all the possible complexation 
reactions. Knowledge of the free element concentration is important since it plays a central 
role in controlling metal mobility (including the possible equilibrium relations with 
particles) and bioavailability . For a few elements (e.g. Cu, Cd, Fe, Pb) such concentration 
can be reliably measured experimentally using different techniques (Buffle, 1988). 
Alternatively, the free element concentration can be estimated with the aid of computer 
based speciation programmes. The latter approach has been adopted in the present study to 
evaluate the possible consequences of element speciation in the truly dissolved phase with 
respect to metal bioavailability to aquatic organims (chapter 9). Some details regarding the 
use of speciation programs are given in section 4.5.2 and in chapter 9. 
 
1.5. Partition coefficients 
Partition coefficients represent a convenient way to express the relative affinities of 
trace elements for the different environmental phases. Considering element fractionation 
among particles, colloids and true solution, we can define 3 distinct coefficients: 
 
- Kd  indicating the relative affinity of trace metals for the particulate phase with 
respect to the total filterable phase (which includes colloids and true solution) 
 
- Kp  indicating the relative affinity of trace metals for the particulate phase with 
respect to the truly dissolved phase 
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- Kc  indicating the relative affinity of trace metals for the colloidal phase with 
respect to the truly dissolved phase    
Details on the use of the partition coefficients in the present study are given in the material 
and method section (§ 4.5.1). 
Ideally the values of partition coefficients should depend only on the inherent physico-
chemical processes between each metal ion (or free element) and the sorbing phases. A 
partitioning reaction can be written as (Benoit, 1995): 
 
  XM    XMd º=º+        (1b) 
 
where Md is the filterable (or truly dissolved) element, ≡X is a binding site available for 
metal adsorption and ≡XM is the metal bound to a site on the particles or colloids surface. 
The following conditional equilibrium quotient (Kads) can then be written for the reaction 
(1b): 
 
[ ]
[ ] [ ]X M
XMK
d
ads
º×
º
=         (1c) 
 
If the density of sorption sites on the solid phases is proportional to the concentration of the 
solid phase, then there should be a proportionality between Kd, Kp, and Kc and the 
corresponding Kads. This proportionality would give to partition coefficients the character 
of conditional constants. In this sense, the observed variability of experimentally measured 
partition coefficients for different field situations would be explained by the large variation 
of master parameters (e.g. pH, temperature, composition of the sorbent phase) observed 
both between and within aquatic systems.  
However, one unexpected behaviour of experimentally measured partition coefficients 
is their relationship with SPM concentration, the so-called particle concentration effect - 
p.c.e. (e.g. O'Connor and Connolly, 1980; Turner, 1996). This consideration applies 
especially to Kds, for which a very large number of experimental observations have been 
collected over the years, but recent studies (Benoit et al., 1994; Benoit and Rozan, 1999; 
Guéguen and Dominik, 2003; Vignati et al., 2004) seem to confirm the same tendency for 
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other coefficients (see chapter 7). A variety of explanations has been proposed to explain 
the p.c.e.: 
 
- kinetic aspects (Jannasch et al., 1988; Nyffeler et al., 1984) 
- variations in surface chemistry (Hamilton-Taylor et al., 1993) 
- filtration artefacts (Horowitz et al., 1992; 1996a, b; Morrison and Benoit, 2001) 
- for Kd only, the inclusion of the colloidally bound metals into the filterable 
fraction (Benoit et al., 1994; Honeyman and Santschi, 1989). 
 
Two approaches to deal with the p.c.e. and, more in general, with the conditional field 
variability of partition coefficients are: 
a) the introduction of additional parameters (i.e. colloidal mass and concentration 
of "free" element) into the mathematical formulas for partition coefficients (see 
section 4.5.1) in order to correct for the p.c.e. (and the conditional variability) 
and obtain constant partition coefficients (Benoit and Rozan, 1999; Tang et al., 
2002), or 
 
b) modelling the variability of the coefficients as a function of environmental 
variables (Lindstrom, 2001; Shafer et al. 1999; Turner, 1996, 1999), chemical 
equilibrium thermodynamics (Radovanovic and Koelmans, 1998) and/or metal 
intrinsic properties such as ionic radius (Wang and Xu, 2001) . 
 
Approaches 'a' and 'b' are discussed in chapter 7 and 8 respectively. It is also important 
to note that the actual environmental significance of the p.c.e. has recently been 
questioned. These findings (Berges, 1997; Johansson et al., 2001) do not affect approach 'a' 
but can have important consequences for approach 'b' and are considered in detail in 
chapter 8.  
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Chapter 2: Objectives of this study 
 
 
2.1. Overview 
This thesis represents one of the outputs of two larger projects funded by the Swiss 
National Science Foundation (Fonds National Suisse de la Recherche Scientifique, FNRS) 
and carried out at the F.-A. Forel Institute: "Partitioning of trace metals and their 
bioavailability in continental surface waters" and "Mobility and bioavailability of metals in 
continental surface waters. An integrated approach - Part 1". Interdisciplinarity and 
proximity to natural systems are the key-words around which these two projects were 
shaped. Research rationales (chapter 3) were therefore developed and methodological 
choices made (chapter 4) in an attempt to fulfil these two basic requirements. Although this 
work necessarily presents only a part of the results gathered during the projects, links and 
reference to other part of the collective work are highlighted wherever relevant.  
The fundamental idea behind the entire project was to use state of the art techniques 
under real field situations in order to look for common environmental mechanisms (and 
factors determining such mechanisms) having a general validity in continental waters. This 
rationale is necessary to integrate the relatively large number of carefully planned 
laboratory studies (e.g. Guéguen et al., 2003; Koukal et al., 2003) which, despite their 
undeniable importance, are ultimately unable to account for the complexity of natural 
systems. The planning (chapter 3) and results (Part III) of each field trip must therefore not 
be viewed in an environmental monitoring context but as a (willing) pursue for contrasting 
environmental situations. With this aim, results will therefore be preferentially presented as 
a discussion of a few broad common problematic rather than of issues specific to a given 
aquatic systems. 
 
2.2. Objectives of this work 
Metal partitioning is a very extensive research field and the present work does clearly 
not aim to provide an exhaustive cover of all the possible topics. Some relevant subjects 
were therefore selected and developed in an attempt to ameliorate the overall 
understanding of element behaviour, bioavailability and fluxes to coastal waters. 
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2.2.1. Methodological issues 
While acknowledging that the present work significantly benefited from previous 
developments carried out at the F.-A. Forel Institute (Guéguen et al, 2000; Guéguen et al., 
2002; Guéguen and Dominik, 2003), three important additional methodological aspects 
have been addressed in the present study: 
- evaluate whether the effluent of a Westphalia (type KA2-06-175) continuous 
flow centrifugation device may be amenable to further fractionation for 
studying metal partitioning between colloidal and truly dissolved phases. This 
issue is important since interdisciplinary studies, like this one, generally require 
high amount of material, which can not always be obtained using more 
conventional methodology. This part of the work was developed in co-operation 
with Patrick Rossé and major findings are summarised in Rossé et al. (2004).  
- verify the possible consequences of using the IUPAC 1µm boundary between 
particulate and total filterable metals (as opposed to the conventional 0.45µm or 
0.22 µm size boundaries) with respect to environmental issues such as element 
behaviour, transport and bioavailability. In the present study, a 1.2µm 
particulate vs. total filterable boundary was used due to the commercial 
availability of the selected filtration devices (section 5.2). 
- test the applicability of the biomimetic approach for the study of the 
bioavailability of trace elements associated with suspended particulate matter. 
 
2.2.2. Element distribution and behaviour  
River water quality is often impaired due to polluting inputs from tributaries draining 
highly industrialised and densely populated regions of the river basin. Studies on metal 
partitioning in these regions generally examine only the particulate and total filterable 
phases (exception exist, e.g. Schemel et al., 2000; Guéguen and Dominik, 2003). The 
objective of this part of the work is to use our more detailed partitioning results to better 
understand the possible mechanisms (e.g. colloidal pumping, deposition, adsorption-
desorption reactions) determining metal behaviour in 3 different anthropogenically 
impacted system: the Lambro-Po (Italy), the Sebou-Fez (Morocco) and the Przemsza-
Vistula (Poland). 
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2.2.3. Partitioning and partition coefficients 
The main issues connected with the use of partition coefficients have been presented in 
the introduction. This part of the work has two main complementary objectives: 
- to verify whether the particle concentration effect can be eliminated by 
adequately considering the presence of colloids and colloid-bound metals when 
calculating the partition coefficients.  
- to examine the relationships between metal partition coefficients and master 
environmental variables (pH, salinity, percentage dissolved oxygen, dissolved 
organic carbon) and to evaluate the feasibility of developing general equations 
for explaining the variability of partition coefficients from easily measured 
master parameters. 
 
2.2.4. River born metal fluxes to coastal zones 
Metal partitioning is relevant for the accurate estimation of elemental fluxes carried by 
rivers to coastal zones. In general, most studies limit their attention to the particulate and 
total filterable fluxes. Data from our original research are used to discuss the possibility of 
quantifying the relative importance of colloidal and truly dissolved metal fluxes by using 
modelling tools. 
 
2.2.5. Partitioning and bioavailability 
The last objective of this work is to interpret in a biological key the geochemical 
findings addressed in the previous paragraphs. The focus is on two aspects: 
- how can the presence of colloidal metals influence their bioavailability to 
unicellular organisms such as algae and bacteria 
- which fraction of particulate bound elements can be effectively mobilised by 
filter or deposit feeders during the feeding process (biomimetic approach) 
 
2.3. Perspective achievements and limitations of this work in the general context of 
environmental sciences 
The study of metal partitioning as presented in this work is only one of the many (and 
often complementary) approaches to the understanding of the surrounding complex 
environmental reality. Size fractionation of environmental samples is unable, for example, 
to quantify the concentration of free metal ions (i.e. possibly the most biologically active 
species; Campbell, 1995) in the truly dissolved phase. To this purpose, in situ 
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measurements involving the use of voltammetric (Rozan and Benoit, 1999; Tercier-
Waeber et al., 2003) or DGT techniques (Odzak et al., 2002) can provide useful 
complementary information about the free + labile metal species present in an aquatic 
system. When modelling tools are used (as in the present study), one must always be aware 
that the quality of modelling results for free-ion concentration strictly depends on the 
values of complexation constants used in the model itself (Huber et al., 2002; Town and 
Filella, 2002b) (see section 9.2) 
In this work, the huge field of elemental chemical partitioning (i.e. the distribution of 
trace elements among the different constituents of natural SPM) has received only little 
attention, consisting in the preliminary evaluation of the applicability of the biomimetic 
approach to freshwater environments. As stated in the global FNRS project, one of the 
main objectives was to propose conceptual methods for the systematic and the modelling 
of Kds or partition coefficients in general. Well established methods for the determination 
of acid-leachable or total (see chapter 4) particulate metal concentration  had to be selected 
in order to assure the widest applicability of any relevant result. However, it is clear that 
only a fraction of particulate metals possibly takes part into the equilibrium processes 
between SPM, colloids and true solution. Research in this sense, besides the biomimetic 
approach, constitute an important perspective for future work. 
Within these limitations, the size fractionation procedures applied in this study do:  
- allow a better understanding of environmental processes controlling the 
environmental fate of contaminants (chapter 6, 7) 
- provide important hints on relevant aspects connected to the estimation of 
elemental cycles (chapter 8) 
- improve the understanding of the role of partitioning in controlling elemental 
bioavailability to unicellular organisms such as algae and bacteria (chapter 9)  
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Chapter 3: Study areas 
 
 
3.1. Overview 
Field work was carried out in Switzerland, Italy, Poland and Morocco (Fig. 3.1) in 
eight rivers (Rhone, Borgne of Ferpècle, Versoix and Nant d’Avril – Switzerland; Dunajec 
and Vistula – Poland; Po – Italy; and Sebou - Morocco), one lake (Lake Geneva – 
Switzerland/France) and one artificial reservoir (Czorsztyn, Dunajec basin - Poland). These 
freshwater environments were diversified enough to provide the variations of master 
environmental parameters (Table 3.1) required to accomplish the objectives outlined in 
chapter 2. Only low pH rivers (< 6 pH units), such as water courses impacted by acid mine 
drainage or draining rare geological formation as in the cases of Amazonian Clear (pH » 5) 
and Black (pH » 4) waters, were not represented among the investigated systems. 
 
Table 3.1. Ranges of selected master environmental parameters measured across all the sampled systems. 
Where available, the corresponding most probable values for world streams and rivers (2%ile and 98%ile of 
the corresponding distribution of values) are also reported (Meybeck, 1996; Meybeck, et al., 1996). Stream: 
basin = 1-100 km2; rivers: basin » 100,000 km2. n.a.: no most probable values available in references. 
 
 Observed range* Most probable values 
 (this work) Streams Rivers 
pH 6.6 - 8.5 4.7 - .8.5 6.2 - 8.2 
Alkalinity (mmol L-1) 0.4 - 10 n.a. n.a. 
Conductivity (µS cm-1) 7.2 - 2,190 n.a. 35 - 2,230 
Ca (mg L-1) 1.8 - 100 0.06 - 210 2 - 50 
K (mg L-1) 0.3 - 53 0.1 - 6.3 0.5 - 4 
Mg (mg L-1) 0.4 - 45 0.05 - 80 0.85 - 12.1 
Na (mg L-1) 9.0 - 440 0.06 - 350 8 - 25.3 
T (°C) 1.6 - 25.4 n.a. n.a. 
SPM (mg L-1) 0.2 - 525 3 - 15,000 10 - 1,700 
% O2 saturation 0 - 110 n.a. n.a. 
DOC (mg L-1) 0.7 - 95 0.5 - 40 2.5 - 8.5 
*See appendix 1 for a detailed compilation of all values. 
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Figure 3.1. Location of the study areas: 1 = Dunajec river / Czorsztyn reservoir (§ 3.2.1), 2 = Po river (§ 
3.2.2), 3 = Upper Vistula river (§ 3.2.3), 4 = Sebou river (§ 3.2.4), 5 = Swiss rivers + Geneva Lake (§ 3.2.5). 
Detailed maps of sampling points for each system are separately given in the paragraphs reported in brackets. 
 
The lowest values of pH, alkalinity and conductivity are observed for the Borgne, in 
agreement with the predominant presence of siliceous rocks at the sampling point (see § 
3.2.5). Values of these three variables at the other points (appendix 1) are generally typical 
of carbonated rivers. Comparatively high conductivity values are found in the Vistula river 
because of salty coal mine effluents and in the Sebou river due to the high evaporation 
rates typical of arid regions and to anthropogenic impact (i.e. input of untreated sewage). 
High concentrations of major ions occur accordingly in these two systems. Temperature 
values vary according to river type and season (Table 3.2 and appendix 1). Variability of 
3 
1 
2 
5 
4 
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suspended particulate matter (SPM) concentrations reflects the differences in basin 
geology and in the rivers hydrological regimes. Minimum SPM levels have been recorded 
for the Czorsztyn reservoir and for Lake Geneva (§ 3.2.1 and 3.2.5) while high SPM 
concentration occurred in the Borgne (glacier erosion) and in the Sebou (arid climate, 
podzol soil, sewage). Finally, percentage O2 saturation and dissolved organic carbon varied 
in accordance with the presence of anthropogenic activities (see below). Detailed values of 
master environmental variables for each site are given in appendix 1. Note that the entire 
array of variables has not been measured in certain campaigns / sites which were sampled 
for specific purposes (e.g. Borgne of Ferpècle for methodological studies, Czorsztyn 
reservoir for the determination of Cr depth profile). The following paragraphs briefly 
illustrates the main features of each aquatic systems and the situation of the sampling 
points with respect to anthropogenic impacts. 
 
3.2. Detailed description of study areas and sampling points 
Study areas outside Switzerland are described first following the chronological order 
in which they were visited during the execution of the projects. Field locations for the 
Swiss campaigns are collectively described in paragraph 3.2.5. For areas / sites which were 
visited more than once, the order of presentation is established on the basis of the first field 
trip. Table 3.2 reports the exact sampling date and time, weather conditions, and schematic 
information on the type of field work performed at each site. From the next chapter 
onwards, site codes (Table 3.2, column "Code") will be used to indicate sampling sites. 
Photos of the Dunajec, Po, Vistula and Sebou systems are reproduced at the end of this 
chapter. 
 
3.2.1. Upper Dunajec river / Czorsztyn reservoir (19th-21st March 2001; 20th-21st 
September 2001; 15th-21st March 2003) 
The Dunajec river (South Poland) flows through the north region of the Carpathian 
Mountains which is mainly composed of sandstones and shales (Pasternak, 1968). In its 
upper course, the river has recently (1997) been impounded by the construction of the 
Czorsztyn Reservoir (photo 1, page 36) for power generation purposes. The river basin 
area upstream of the reservoir, the average river discharge at the dam, and the maximum 
reservoir volume are respectively 1147 km2, 28.3 m3 s -1 and 232*106 m3 (Dominik et al., 
2003). About 300 small tanneries are spread throughout the upper Dunajec catchment 
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resulting in regional environmental quality problems from chromium pollution and 
associated organic loads (Szalinska et al., 2003). 
Surface water samples from the Dunajec river were collected at Waksmund (D2, D3, 
D10) and Sromowce Wyzne (D12) (Fig. 3.2). Samples D4 and D11 were taken from the 
outlet of a local tannery for the determination of Cr speciation (work in progress by M.-H. 
Pereira de Abreu). Samples from the Czorsztyn reservoir (D5, D6, D6bis, D7, D8, D9, 
D10, D11) were collected at GPS coordinates N 49° 25’ 417’’ E 20° 19’ 300’’ (Fig. 3.2) at 
various depths (Table 3.2). During the March 2001 and 2003 campaigns the reservoir was 
under inverse stratification due to ice formation over the entire reservoir surface during the 
winter period. The 2003 samples were collected while the reservoir was still under an ice 
cover about 50cm thick (photo 2, page 36).  
 
3.2.2. Po river (3rd-5th July 2001) 
The Po is the largest Italian river with a basin area of over 70,000 km2 and an average 
flow at the mouth of 1,510 m3 s-1. Sampling was carried out in the middle stretches of the 
river Po at the confluence with the river Lambro (Fig. 3.3 and photo 3 page 36). The river 
Lambro (basin area approx. 3,000 km2, average flow at the mouth for the period 1990-96 = 
106 m3 s-1) drains the most anthropised part of the river Po basin (i.e. the metropolitan zone 
of Milan) and carries significant inputs of nutrients, trace metals and other pollutants to the 
river Po main stream (IRSA, 1991; IRSA; 1997; Camusso et al., 2002; Vignati et al., 2003; 
2004). 
Although metallic anthropogenic contamination in the Lambro-Po system is relatively 
well studied along with overall ecotoxicological and ecological effects of metal 
contamination (Pettine et al., 1996; Viganò et al., 1999), the present work provides the first 
results for colloidal and truly dissolved metals in this system (Vignati et al., 2004). 
Sampling points (Fig. 3.3) were selected in accordance with previous investigations to 
facilitate comparison of results for particulate and total filterable metals. Sites Po1 and Po2 
are located in the river Po upstream and downstream the confluence with the Lambro; 
while site Po3 represents the undiluted polluting inputs of the river Lambro at Livraga. The 
plain of the Po river mainly consists of quaternary alluvial deposits, but some peculiar 
geological formations (mafic intrusive rocks and exposed crystalline basement) are present 
upstream of the sampling zone (Venturini et al., 1996; Amorosi et al., 2002). This has 
important consequences as to background levels of some elements such as Cr and Ni 
3.2. Detailed description of study areas 
 
27
 
 
(Amorosi et al., 2002; Vignati et al., 2003). Calcareous formations are also present at the 
Lambro springs, but the carbonate particulate material is possibly trapped in the Lake 
Pusiano (Fig. 3.3), located at only about 10km from the spring area (Quattrin et al., 1998).  
 
Table 3.2. Detailed list of all sampling stations for the various campaigns and study areas. The table follows 
the order of presentation in the text. 
The column "Notes" indicate the adopted sampling procedures. Water samples were generally taken at the 
surface (0.5 m) except for the Czorsztyn Reservoir and the Lake Geneva for which sampling depths, other 
than at the surface, are given. 
F: membrane filtration = determination of total filterable metals + SPM and particulate metals (optional); 
UF: filtration through PP cartridge followed by tangential flow ultrafiltration (see chapter 4 for 
methodological details) = determination of total filterable, colloidal, and truly dissolved metals; 
CFC: continuous flow centrifugation = collection of large quantities of suspended matter for major and trace 
element analysis plus toxicological and mineralogical characterisation of particles. When CFC was 
performed, determination of particulate metals was accomplished on particulate material collected by this 
method (see chapters 4 and 5). 
 
River basin 
(Country) 
Sampling location Code Sampling 
Date 
Sampling 
time 
Weather 
 
Notes 
Dunajec 
(Poland) 
Czorsztyn Reservoir 
Waksmund (Dunajec) 
Waksmund (Dunajec) 
Waksmund (tannery 
channel outlet) 
Czorsztyn Reservoir 
Czorsztyn Reservoir 
Czorsztyn Reservoir 
Czorsztyn Reservoir2 
Czorsztyn Reservoir2 
Czorsztyn Reservoir2 
Waksmund (Dunajec) 
Waksmund (tannery 
channel outlet) 
Sromowce Wyzne 
D1 
D2 
D3 
D4 
 
D5 
D6 
D6bis 
D7 
D8 
D9 
D10 
D11 
 
D12 
19/03/01 
20/03/01 
21/03/01 
21/03/01 
 
20/09/01 
21/09/01 
21/09/01 
16/03/01 
17/03/01 
19/03/01 
20/03/03 
20/03/03 
 
21/03/03 
2.30pm 
3.00pm 
1.30pm 
2.00pm 
 
3.00pm 
3.00pm 
2.30pm 
3.00pm 
11.00am 
10.30am 
1.00pm 
1.30pm 
 
12.30pm 
Cloudy 
Snow 
Hazy 
Hazy 
 
Sunny 
Sunny 
Sunny 
Cloudy 
Sunny 
Hazy 
Cloudy 
Cloudy 
 
Cloudy 
F, UF 
F, UF 
UF 
F 
 
F, UF 
F, UF 
F(depth profile)1 
F (depth profile)1 
F, UF (25 m) 
F, UF (10 m) 
F 
F 
 
F, UF 
Po 
(Italy) 
Le Gabbiane (Po) 
Ca’ il Masero (Po) 
Livraga (Lambro) 
PO1 
PO2 
PO3 
03/07/01 
04/07/01 
05/07/01 
4.00pm 
2.00pm 
2.00pm 
Nice 
Nice 
Nice 
F, UF, CFC 
F, UF, CFC 
F, UF, CFC 
Vistula 
(Poland) 
Goczalkowice 
Czarnuchowice 
Bobrek 
Tyniec 
V1 
V2 
V3 
V4 
15/09/01 
17/09/01 
18/09/01 
14/09/01 
1.00pm 
2.00pm 
1.00pm 
12.00pm 
Rain 
Rain 
Rain 
Cloudy 
F, UF, CFC 
F, UF, CFC 
F, UF, CFC 
F, UF, CFC 
Sebou-Fès 
(Morocco) 
Sebou upstream3 
Sebou downstream3 
Wad Mehrez 
Fez 
Sebou downstream3 
Sebou downstream3 
MA1 
MA2 
MA3 
MA4 
MA5 
MA6 
21/05/02 
23/05/02 
25/05/02 
27/05/02 
28/05/02 
28/05/02 
3.30pm 
3.00pm 
12.30pm 
1.00pm 
2.00pm 
3.30pm 
Nice 
Nice 
Nice 
Nice 
Nice 
Nice 
F, UF, CFC 
F, UF, CFC 
F, UF, CFC 
F, UF, CFC 
F 
F 
Rhone 
(Switzerland) 
Porte du Scex PDS1 
PDS2 
26/06/00 
24/04/01 
3.30pm 
1.30pm 
Nice 
Cloudy 
CFC, F 
F 
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Table 3.2. (continued) 
River basin 
(Country) 
Sampling location Code Sampling 
Date 
Sampling 
time 
Weather 
 
Notes 
Grand Canal 
and Stockalper 
(Switzerland) 
Various locations along 
the channels 
GC1          
GC2                 
ST             
GC3 
30/07/01 
30/07/01 
30/07/01 
30/07/01 
From 
1.00pm to 
3.30pm 
Nice 
Nice 
Nice 
Nice 
F 
F 
F 
F 
Borgne 
(Switzerland) 
Evolène (approx. 1000m 
from the source/glacier) 
BF 23/08/00 3.00pm Nice 
 
CFC, F 
Versoix 
(Switzerland) 
Versoix, 
F.-A. Forel Institute 
VE14 
VE2 
VE34 
24/01/01 
27/04/01 
16/05/01 
Integr. 
4.00pm 
1.00pm 
Rain 
Hazy 
Hazy 
CFC, F 
F 
F 
Nant d’Avril 
(Switzerland) 
Château de Bois 
(Geneva) 
NA 20/04/01 12.30pm Cloudy F 
Lake of Geneva 
(Switzerland) 
SHL2 
(Position:  
46° 27’ 09’’ N 
6° 35’ 19’’E) 
LEM1 
LEM2 
LEM3 
LEM4 
21/03/02 
22/03/02 
15/04/02 
16/04/02 
12.00pm 
12.30pm 
11.00am 
11.30am 
Nice 
Nice 
Nice 
Nice 
F, UF (epilim)5 
F, UF (45 m) 
F, UF (epilim)5 
F, UF (15 m) 
 
1 Samples were taken at depth = 0.5m, 5m, 10m, 15m, 20m, 25m, and 30m for D6bis and 1m, 10m, 20m, 
25m and 26m for D7 
2 Reservoir under ice-cover 
3 With respect to the confluence between Rivers Sebou and Fez. MA2 = approx. 5 km downstream; MA5 = 
approx. 60 km downstream; MA6 = approx. 80 km downstream. 
4 VE1: integrated sample, n=3 at 11.00 am, 1.00 pm, and 2.30 pm; VE3: thunderstorms the night of the day 
previous to sampling. 
5 Integrated sample over the epilimnion: 1.0 – 6.0 m for LEM1; 1.0 – 13.0 m for LEM3 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Location of the Dunajec catchment (A) and schematic representation of the upper Dunajec river 
course and Czorsztyn reservoir (B). See text for details about the sampling points (modified from: Szalinska 
et al., 2003). 
A B 
D2, D3, D4, D10, D11 
D1, D5, 
D6, D6 
bis, 
D7, D8, 
D9 
D12
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Figure 3.3. Sampling stations in the Lambro-Po system. Sampling points Po1, Po2, and Po3 are indicated by 
the corresponding black points on the map. The arrow indicate the direction of flow for the Po river. Note the 
confluence of the "Lambro Meridionale" (collecting wastewater from the urban area of Milan) with the 
"Lambro Settentrionale" upstream of the sampling point Po3. Note also the position of the Pusiano Lake 
(area : 4.95 km2 , average depth 14m ; Quattrin et al., 1998) probably acting as a trap for much of the 
calcareous material present at the Lambro sources. 
 
3.2.3 Upper Vistula river (15th-18th September 2001) 
The Vistula river (watershed area 194,700 km2, average water flow at the mouth 1,055 
m3 s-1) is the largest river in Poland and tenth European river as for drainage basin 
extension. The headwaters of the Vistula rivers are located in the Carpathian Mountains 
with watershed rocks consisting of sandstones, shales and conglomerate of the flysch 
formation (Pasternak, 1962). In its upper course, the Vistula flows through the Upper 
Po1 
Po2
Direction of flow 
Po3 
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Silesia industrial district (Fig. 3.4) which causes a significant rise in the salinity of waters 
(appendix 1) due to infiltration of highly saline groundwater from coal mines (Baradziej, 
1998). Furthermore, the Przemsza tributary (Fig. 3.4) drains a region rich in Zn-Pb ores 
which results in a high degree of water and sediments contamination by trace metals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Schematic overview of the Upper Vistula river basin. Sampling points were original research was 
performed (circle) are indicated with acronyms V1, V2, V3, and V4 (Table 3.2 and appendix 1). Other points 
(squares) identify station where work was conducted by our research group during previous campaigns 
(Guéguen and Dominik, 2003). A: Lipowiec, B: Gora, C: Chelmek, D: Metkow. The points V3 and V4 were 
also sampled by Guéguen and Dominik (modified and updated from Guéguen and Dominik, 2003). 
 
Significant experience on this system was gained by our group during past projects 
(Guéguen et al. 2000; Pardos et al., 2000a, b; Guéguen  and Dominik, 2003). Sampling 
points (Fig. 3.4) were located at Goczalkowice just downstream the homonymous 
reservoir, Czarnuchowice and Bobrek (respectively upstream and downstream the 
V4 
V3 
C 
D 
A 
B 
V1 
V2 
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confluence with the Przemsza) and Tyniec where the water flow is slowed down by the 
presence of a small dam about 1 km downstream. Due to the variable meteorological 
conditions, sampling at Tyniec was carried out under normal flow conditions while other 
sites (Goczalkowice, Czarnuchowice, and Bobrek) were sampled at high flow (photo 4, 
page 37). 
This offers the possibility of an interesting comparison with previous work performed 
by our group (Guéguen et al., 2000; Guéguen and Dominik, 2003). The flow at Bobrek on 
the sampling date was 80.3 m3 s-1 with respect to the mean annual flow of 43.8 m3 s-1. 
Figure 3.4 report all sampling stations visited during different campaigns (including those 
in which the author did not take part) and for which separation of colloids and true solution 
was performed. 
 
3.2.4. River Sebou (20th-28th May 2002) 
The Sebou River (watershed area approx. 40,000 km2) drains about 25% of the total 
Moroccan surface waters. Basin geology comprises both clays and the important 
calcareous formations of the middle Atlas mountains (Benaabidate, 2000). The river 
hydrological features (appendix 1) with respect to salinity, turbidity and dissolved 
concentrations of major ions are typical of water courses of arid regions (Meybeck, 1996; 
Meybeck et al., 1996). In its upper course the river is subject to strong anthropogenic 
pressure (e.g. untreated sewage, tanneries, brewery, textile, oil mills, canneries, 
blacksmith, and pottery) from the city of Fez (approx. 850,000 inhabitants). Major know 
environmental problems include contamination from bacteria, organic substances 
(resulting in anoxic conditions along a part of the water course) and trace metals (Azzaoui 
et al., 2002; Khamar et al, 2000; Koukal et al., 2004). 
Surface water samples were taken in the river Sebou upstream and downstream (photo 
5, page 37) from its confluence with river Fez, in river Fez, and in stream Mehrez (Fig. 
3.5). During the sampling period, measured flow rates at the sampling points (Fig. 1) were 
2.5 m3 s-1 at site M1, 0.9 m3 s-1 at site M4, and 3.4 m3 s-1 at site M2 (sum of sites 1 and 4). 
Measurements were performed by Dr. K. Oubda and Mr. K. Ouadihe, Department of 
Geography, University of Fez Saiss, Morocco. No flow measurement was performed for 
the other sites. Sampling locations M5 and M6 are situated about 60 km and 80 km 
downstream from the confluence between rivers Sebou and Fez (Table 3.2 and Fig. 3.5). 
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The anthropogenic impacts on major parameters is especially seen in terms of DOC, 
oxygen concentrations, and conductivity (appendix 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. The upper course of the river Sebou and location of the sampling points. MA 5 and MA6 are 
located out of the area represented in the map at approximately 60 km and 80 km from the confluence 
between the rivers Sebou and Fez. The Innaouene river, with its unpolluted water, joins the Sebou about 15 
km downstream of Fez (modified from Koukal et al., 2004). 
 
3.2.5 Field campaigns in Switzerland 
3.2.5.1. Upper Rhone (26th June 2000; 24th April 2001; 30th July 2001) 
The term Upper (or Alpine) Rhone (watershed area approx. 5,220 km2) indicates the 
course of the Rhone from the headwaters (glaciers) to the river mouth at the Geneva Lake. 
Samples were collected at Porte du Scex, approximately 5 km upstream from the Lake, in 
the Grand Canal and in the Stockalper channel (Figure 3.6). Average flow at Porte du Scex 
is 184 m3 s-1 with maxima during snow melt in spring-summer and minima in winter 
Direction of 
flow 
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(Loizeau and Dominik, 2000). Flow of the Grand Canal and Stockalper at the mouth are 
1.38-2.48 and 2.79-3.62 m3 s-1 respectively (Orand and Colon, 1994). 
Port du Scex represent the closing section of the upper Rhone basin which comprises 
crystalline and sedimentary rocks plus alluvial deposits in the proportions 75%, 25%, and 
5% (Ruegg, 1980). Grand Canal and Stockalper are part of a system of channels connected 
to the Rhone main stream. These sampling points shows features typical of carbonate 
upland river basins (appendix 1) with Stockalper receiving polluting inputs from combined 
sewage overflow from the urban zone of Monthey (Valais, Switzerland). Water quality 
concerns in the upper Rhone watershed arise rather from nutrient inputs (especially 
phosphorus) rather than trace metal and xenobiotics (Cipel, 2000). One peculiar feature of 
these sampling sites (see e.g. § 5.3) is the relatively high U concentrations due to the 
presence of granitic rocks and related UO2 ore deposits in some part of the basin (Dominik 
and Mangini, 1986 ; Dominik et al., 1992; Pfeifer et al., 1994). 
 
3.2.5.2. Borgne of Ferpècle (20th August 2000) 
The Borgne (basin area 384 km2) is a tributary of the upper river Rhone. In its upper 
course it comprises two streams (Borgne of Arolla and Borgne of Ferpècle) which join at 
"Les Hauderes" to form the Borgne river. Sampling was performed in the Borgne of 
Ferpècle at 800-1000 from the source (i.e. the glaciers of Mount Mine and Ferpècle) at 
Swiss coordinates 608840 E, 100220 N at an unnamed location (Fig. 3.6). According to 
Scheder and Streiff (1997), who compiled a very detailed geological map of the Borgne 
basin based on a number of sources, moraines and gneiss should be the predominant 
formation at the sampling site. River flow at Sion (about 30 km downstream from 
sampling point) varies from 1.35 m3 s-1 in winter to 5.47 m3 s-1 in summer (Bernard et al., 
1994). However a considerable part of the melting water originating from the glaciers is 
pumped into the Grande Dixence reservoir (Valais, Switzerland, reservoir volume: 
400*106 m3) and these flows must be considered indicative. Main features of this location 
(appendix 1) are: slightly acidic pH, very low conductivity and high SPM content. 
 
3.2.5.3. Versoix river (24th January 2001; 27th April 2001; 16 May 2001) 
The Versoix river drains a basin of approx. 86 km2, mainly consisting of calcareous 
limestones (Molasse basin), and has an average flow at the mouth of 3.3 m3 s-1 (Orand and 
Colon, 1994). Samples were collected at the river mouth (Swiss coordinates 502200 E, 
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125620 N - Fig. 3.6) during rising (24th January) and stable medium (27th April; 16th May) 
flow conditions. Measured major parameters (appendix 1) reflect the presence of  karstic 
formations (Jura mountains) in the headwater area. 
 
3.2.5.4. Nant d’Avril (24th April 2001) 
The Nant d'Avril is a small river (basin area 12 km2; average flow at the mouth approx. 
0.3 - 0.4 m3 s-1) which receives cooling water from the European Organisation for Nuclear 
Research (CERN) and inputs from the industrial zone of Geneva. The basin mainly 
consists of moraines but has been substantially modified by anthropogenic activities so that 
paved surfaces presently cover 21% of the basin (Ecotox, 1996). Sampling was carried out 
at Château de Bois (Swiss coordinates 492650 E, 119425 N - Fig. 3.6) downstream of 
major anthropogenic inputs. Hydrological parameters are typical for rivers of this region 
and are reported in appendix 1. The river periodically experiences strong fluctuations in pH 
and conductivity (Institut F.-A. Forel, 2000) following anthropogenic discharges (Loizeau, 
personal communication). Sampling was carried out outside these episodes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Overview of the basin of the Upper River Rhône and location of the sampling points. (BF, PDS, 
GC, ST, LEM, VE and NA). Points PDS, GC and ST are located within the area delimited by the rectangle 
(modified from Santiago, 1991). 
 
3.2.5.5 Lake Geneva (21st-22nd March 2002; 15th-16th April 2002) 
Lake Geneva (Switzerland/France) has a surface area of 582.4 km2. It can be 
distinguished in 3 sub-basins: 
Italy 
Switzerland 
BF 
Lake Geneva 
(LEM) 
PDS, GC, ST 
VE 
NA 
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- the Haut-Lac (Upper Lake) receiving the waters of the main tributary: the 
Rhone 
- the Grand Lac (Great Lake) corresponding to the central part of the Lake where 
it reaches a maximum depth of 310 m 
- the Petit Lac (Little Lake) which occupies the most western part of the basin 
and where the city of Geneva is located 
The lake is constantly monitored for many aspects of environmental quality by the 
International Commission for Protection of the Waters of the Lake of Geneva (French 
acronym: CIPEL). Studies on metals and colloids are however rather limited (Steinnmann 
et al., 1999; Guéguen, 2001). 
Water samples were collected in the Grand Lac at the point LEM (Fig. 3.6) during 
different phases of a planktonic bloom. Coordinates of the sampling point are 46° 27' 09'' 
N, 6° 35' 19'' E (GPS) or 534700 E, 144950 N (Swiss coordinates), which correspond to 
the site SHL2 in the CIPEL (International Commission for the Protection of the Waters of 
Lake Geneva) monitoring programs. Surface water samples were integrated over the entire 
depth of the epilimnion (from surface down to the upper limit of the thermocline, see Table 
3.2), while samples of hypoliminic waters were taken at a fixed depth below the 
thermocline (Table 3.2). Present environmental problems in the Lake of Geneva primary 
arise from eutrophication (CIPEL, 2000). Local metal pollution problems exist but are 
confined to specific coastal zones. 
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Photo1: Czorsztyn (September 2001) 
Photo 2: Czorsztyn (March 2003) 
Photo 3: Po at "Le Gabbiane" (Po1) (July 2001) 
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Photo 4: Vistula at Czarnuchowice (V2) (September 2001) 
Photo 5: Oued Sebou (MA2) (May 2002) 
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Chapter 4: Sample fractionation and analysis 
 
This section describes the fractionation schemes followed in the present study along, 
the corresponding methodologies for element and organic carbon (OC) analysis, and the 
quality control procedures. Advantages and limitations/drawbacks of each procedure, with 
respect to available alternatives, are highlighted and discussed. As already stated, 
methodological choices for this work were directed by explicit consideration of the overall 
sampling requirements for all the participants to the project. Specific methodological issues 
are addressed in chapter 5. 
 
4.1. Cleaning procedures 
Efforts were made to maintain ultraclean conditions during the entire process of 
sample collection and handling in order to minimise the possibility of sample 
contamination (Boutron, 1990; Benoit, 1994; Benoit et al., 1997; Guéguen, 2001). For field 
work performed far from the premises of the F.-A. Forel Institute, sample handling was 
carried out under a portable clean bench. All metal analyses were carried out in a class-100 
clean room at the F.-A. Forel Institute. 
 
4.1.1. Plasticware, membrane filters and glassware. 
High density polyethylene (HDPE) material for trace metal analysis was thoroughly 
preconditioned in the clean room by washing twice with diluted (10%) nitric acid (VWR, 
analytical grade) followed by two rinses with deionised milli-Q water (MQW). At each 
cleaning step the material was sonicated for 60 minutes in an ultrasonic bath. For 
voluminous material (e.g. 2 to 10 L Teflon® coated HDPE bottles) which could not fit into 
the ultrasonic device, contact time with each cleaning solution was at least 24 hours. These 
two procedures (Guéguen, 2001) yield blank values below the detection limits of our 
instruments (Table 4.1).  
Membrane filters (cellulose or polycarbonate) for element determination were 
prewashed with 150 mL of 10% Suprapure HCl (VWR, Geneva), rinsed with 500 mL of 
milli-Q water (MQW), dried and stocked in cleaned plastic Petri dishes kept inside the 
clean room until use.  
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Table 4.1. Typical detection limits (DL) and laboratory blank values (in µg L-1) for the elements of interest. 
Laboratory blanks were prepared by collecting fresh MQW water in acid-cleaned HDPE tubes followed by 
acidification at 1% and analysis by ICP-MS. The range of detection limits refers to all the analysis 
performed. Unless otherwise specified (see footnotes), blanks are average values of 22 independent 
determinations performed during different independent analyses of samples. BDL = below detection limits. 
 
 Typical D.L. Laboratory blank 
Mg* 2.8 - 30 11 
Al 0.2 - 1.3 BDL 
Ca* 14.6 - 180 36 
Ti 0.015 - 0.023 BDL 
V 0.003 - 0.035 BDL 
Cr 0.02 - 0.1 0.056 
Mn 0.02 - 0.46 0.069 
Fe# 3.1 - 8.6 BDL 
Co 0.003 - 0.013 BDL 
Ni 0.01 - 0.05 0.015 
Cu* 0.01 - 0.05 0.010 
Zn 0.02 - 0.8 0.061 
As 0.065 - 0.5 0.292 
Mo* 0.02 -  0.04 0.018 
Cd* 0.002 - 0.007 BDL 
Sb* 0.002 - 0.006 BDL 
Pb 0.004 - 0.04 BDL 
U* 0.002 - 0.004 BDL 
 
# Qualitative measurements performed at m/z = 57. See § 4.4.1. 
* Ca, Mg: n=13; Cu: n=21: Mo: n=13; Cd: n=18; Sb, U: n=7. 
 
Glass fibre filters (Whatman, GF/F) and Pyrex® glassware for DOC, COC and UOC 
determinations were pyrolised at 550°C and wrapped into aluminium foil until use. 
Experience gained during some field campaigns (Dunajec - March 2001 and September 
2001; Po and Vistula), showed that an additional cleaning step with 0.1 NaOH was 
necessary for some plasticware (e.g. the sampling bottles, see § 4.2.1) in order to obtain 
reproducible measurements of DOC. Organic carbon procedural blanks of the same order 
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of magnitude as sample DOC content were actually obtained for some of the above 
mentioned campaigns (Table 4.2). For these samples, organic carbon concentrations are 
used without blank correction provided that the corresponding ultrafiltration mass balances 
(see § 4.2.2 and appendix 2) were satisfactory. With the introduction of the cleaning step 
with NaOH, levels of procedural blanks for organic carbon decreased below 0.1 mg L-1 
when good quality deionised water was available (Table 4.2) . 
 
Table 4.2. Overview of organic carbon blanks and results (total filterable organic carbon) for the different 
campaigns. Typical blank values = DOC concentration in deionised water transferred into 10L Teflon® 
coated bottles and subsampled as for prefiltered waters (see § 4.2). Approximate range of DOC values = 
concentration of filterable organic carbon after filtration with PP cartridge (see § 4.2). n.a. = not applicable. 
 
Samples Typical blank 
values 
Approx. Range of DOC 
values 
Notes 
D1, D2, D3, D4 0.15 - 0.75 1.5 - 5.0 A 
Po1, Po2, Po3 0.4 - 1.6 1.0 - 3.0 B 
V1, V2, V3, V4, D5, D6 0.3 - 2.5 0.7 - 7.5 C 
Control blanks < 0.1 n.a. D 
LEM1, LEM2, LEM3, LEM4 < 0.1 0.7 - 0.8  
MA1, MA2, MA3, MA4 < 0.1 - 0.5 1.8 - 95 E 
D7, D8, D9, D10, D11, D12 0.0 - 1.8 2.0 - 13 F 
 
A) Organic carbon blanks on GF/F filters < 0.2 mg L-1. Acceptable UF mass balances for D1, D2 and D3 
(1kDa only). No UF performed for sample D4. 
B) Acceptable UF mass balances for all samples except Po1 (1kDa). Some OC release from the resins used 
for the preparation of deionised water possible (Polesello, personal communication). Measurements of 
DOC are not routinely performed at the host lab. 
C) Most problematic campaign. Satisfactory UF mass balances only for V3, D5 and D6. 
D) NaOH cleaning introduced. Tests made with deionised water.  
E) Lowest blank value for DOC concentration of 1.8 mg L-1 . Acceptable mass balances for all samples. 
F) Problems with deionised water production in the host lab. Snow melting resulted in visible presence of 
colloidal material in tap water to feed to the deionisation apparatus. Organic carbon blanks for GF/F 
filters (with MQW taken from Forel Institute) were 0.1-0.3 mg L-1. Control blanks, measured at Forel 
Institute before the campaign, were less than 0.1 mg L-1. Acceptable mass balances were obtained for 
samples D8, D9, and D12. No UF performed for the other samples. 
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4.2. Water phase 
This paragraph describes the complete fractionation procedure used for the isolation of 
filterable, colloidal and truly dissolved phases in the campaigns on Dunajec 
river/Czorsztyn reservoir; Po river, Vistula river, Sebou river and Lake Geneva. Other 
methodological aspects connected with filtration of raw water samples by membrane filters 
are discussed in chapter 5. 
 
4.2.1. Filterable phase 
Water samples (about 40L) were filtered in the field using a 1.2µm PP cartridge filter 
(Calyx, MSI or Polypro, CUNO), collected into preconditioned 10L Teflon® coated HDPE 
bottles and immediately transported to the laboratory for subsampling prior to 
ultrafiltration. Sampling was performed following ultraclean procedures using a peristaltic 
pump (or a hand pump with no metal parts) connected to a PVC hose. Blank levels of the 
pumping system were preliminary checked and were below the detection limits of our 
instruments for all the elements of interest except Zn (0.5-1.0 ppb, the latter value obtained 
for samples with Zn concentration of 60-70 µg L-1). This latter blank was negligible with 
respect to the measured ambient concentrations in the studied environments except the 
Czorsztyn reservoir and Geneva Lake. Issues connected with DOC blanks have been 
discussed in § 4.1. 
Aliquots of filtered water for element determination were transferred to acid cleaned 
HDPE tubes and acidified to 1% with Suprapure® nitric acid (VWR, Geneva). Subsamples 
for DOC measurements were taken into pyrolised Pyrex glass tubes and stabilised with 200 
µL of 2N Suprapure® HCl (VWR, Geneva). All subsamples were stored in the dark at 4°C 
pending analysis. 
 
4.2.2. Colloidal and truly dissolved phases 
The colloidal and truly dissolved fractions were separated by TFF using Millipore 
Prepscale® regenerated cellulose membranes (surface area 0.54m2) with nominal 
molecular weight cut-offs of 10 and 1 kDa, approximately corresponding to particle 
diameters of 4-5 nm and 1 nm respectively. These two cut-offs were intended to 
differentiate between inorganic colloids + large organic colloids (retained by both 10 and 
1kDa membranes) and small organic colloids (retained only by the 1kDa membrane). The 
use of cellulose material, instead of e.g. polysulfone, reduces the binding of protein to the 
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membrane (Amy and Cho, 1999). Note that, as in conventional filtration, the membrane 
cut-off is never an absolute one but should always be considered operational (Guo et al., 
2000b; Guéguen et al., 2002). 
Since TFF is potentially subject to numerous artefacts which are system and operator 
dependent (Buesseler, 1996), we followed the procedure originally developed in our 
laboratories by Guéguen et al. (2002). Briefly, each ultrafiltration membrane was 
exhaustively cleaned with 0.5N HCl, deionised water until pH 5-6 in the retentate and 
permeate lines and 0.1 NaOH1. The system was then flushed with deionised water for 
about 20 minutes (which ensures that both lines are free from residual organic carbon) and 
preconditioned with prefiltered (1.2µm) ambient water. At the end of preconditioning, a 
second aliquot (about 10L) of prefiltered sample was recirculated through each TFF system 
until a concentration factor between 1.4 and 6.5 was attained.  
For each ultrafiltration system, the entire permeate volume (containing the truly 
dissolved metal and organic carbon fractions) was collected in a second preconditioned 
Teflon® coated HDPE bottle (Fig. 4.1) to compensate for possible changes in membrane 
efficiency during the ultrafiltration process (Buesseler; 1996). Ultrafiltration was generally 
completed within 3 hours (10 kDa) and 10 hours (1 kDa) after sampling and subsamples of 
retentate and permeate were taken as for the filterable phase. Measurement of the metal 
and OC content in permeate of the 1 kDa cartridge was assimilated to the truly dissolved 
concentration (chapter 1). Colloidal metal concentrations (Mecoll) are computed using the 
formula: 
 
[ ]
[ ] [ ]
factor conc.
Me Me
 Me permeateretentatecoll
-
=     (4a) 
 
where: [Me]retentate is the analytically measured metal content in the retentate fraction 
 [Me]permeate is the analytically measured metal content in the permeate fraction 
 conc. factor is the concentration of colloids achieved during TFF 
 
Calculation of COC is performed in an analogous way. Combining the results of the 
two cartridges, High Molecular Weight (HMW) and Low Molecular Weight (LMW) 
colloidal fractions were defined as: 
                                                             
1 After the Vistula campaign in September 2001. See § 4.1 
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- HMW = metal concentration associated with the colloidal fraction between 1.2 
µm and 10 kDa, directly obtained by the measured metal concentration in the 
10 kDa retentate using formula 4a. 
- LMW = metal concentration associated with colloids in the range 1-10 kDa. 
Colloidal concentration in the size ranges 1 kDa - 1.2 µm and 10kDa - 1.2 µm 
were first calculated using formula 4a for the 1 kDa and 10 kDa cartridge 
respectively. LMW elemental concentration were then obtained by difference 
between the two colloidal metal concentrations. In few cases, the prefiltered 
samples subject to separation by TFF exhibited large differences in the 
concentration of some elements (see appendix 2) and the following calculations 
could not be performed. When this occurred, only the total elemental colloidal 
fraction (1.2 µm - 1nm; see glossary p. XXXVIII) was considered for 
discussion of the results (see chapter 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. General set up of the TFF apparatuses used in the present study. The prefiltered water (1.2µm) is 
pumped through the TFF membranes using 2 peristaltic pumps. During the ultrafiltration process, the truly 
dissolved fraction (true solution) is collected in preconditioned Teflon® bottles while colloids are 
recirculated back to, and hence concentrated into, the prefiltered water reservoirs. After the fractionation 
process, the elemental and organic carbon colloidal fraction can be determined using formula 4a (see text). 
Prefiltered water (1.2µm)
(Concentrated colloids)
True solution
TFF membrane (1 kDa) TFF membrane (10 kDa)
PumpPump
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Overall performance of the ultrafiltration membranes was evaluated by calculating the 
corresponding mass balances (M) for trace metal and organic carbon: 
 
[ ] [ ]
[ ] 100filterable total
dissolved trulycolloids(%)M ´+=       (4b) 
 
where:  [Colloids] is the elemental (organic carbon) concentration in the colloidal 
fraction calculated according to 4a 
[Truly dissolved] and [Total filterable] are the elemental (organic carbon) 
concentrations in the truly dissolved and in the total filterable phase as 
defined in the glossary. 
  
Figure 4.2 summarises the mass balances for all the elements of interest and OC for all 
the samples fractionated by TFF. Results of the 10kDa cartridge for samples 3D and 2M 
have been omitted since balances for all elements were significantly over 120% and below 
80% respectively. The exact reasons for these abnormal results remain unknown since 
membrane performance always returned to acceptable standards after these anomalies. In 
general satisfactory mass balances were obtained for the majority of the 23 ultrafiltered 
samples for both cartridges. Exceptions include Al (1 kDa), Pb (1 and 10 kDa) and Zn (1 
and 10 kDa) for which significant losses (i.e. mass balances < 80%) were often observed 
possibly due the precipitation of colloidal Al during the ultrafiltration process. Mass 
balances for Cd are of qualitative value since the total filterable concentration for this 
element was often very close (or below) the corresponding detection limit (Table 4.1). In 
such situations, accurate measurement of the truly dissolved and colloidal Cd fraction 
could not be performed and discussion of Cd results is practically restricted to sites Po3, 
V3, and V4 (see § 6.1.1.3) for which acceptable mass balances were obtained.  
Contamination (mass balances > 120 %) was also occasionally observed but seems to 
have been caused by accidental contamination of permeate samples during subsampling 
rather than linked to membrane performance. Only results with acceptable mass balances 
(within 80 and 120%) have been used for discussion. Some problems have been 
encountered for DOC fractionation (apportionment of DOC between COC and UOC) for 
the reasons discussed in § 4.1.  
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4.2.3. Comparative evaluation of TFF with respect to some possible alternative techniques 
As a result of the recognised key role of colloids in controlling trace metal behaviour 
and bioavailability, studies on colloids in freshwater environments are rapidly increasing 
(e.g. Dai et al, 1995; Eyrolle et al., 1996; Benoit and Rozan, 1999; Carvalho et al., 1999; 
Steinnmann et al., 1999; Gustaffson et al., 2000; Sigg et al., 2000; Andersson et al., 2001; 
Dominik et al., 2003; Guéguen and Dominik, 2003; Pokrovski and Schott, 2003). Despite 
the possible problems discussed in the previous paragraph, TFF presently remains the most 
widely used technique for the separation of colloids from true solution.  
However, other techniques, such as membrane ultrafiltration (Buffle et al., 1992; 
Perret et al. 1994) and Field Flow Fractionation - FFF (Contado et al., 1997; Kammer and 
Förstner, 1998; Ran et al., 2000) can effectively be used for elemental and organic carbon 
analysis. Membrane filtration has better defined cutoffs compared with TFF, but only a 
little output of artefact free-sample can be obtained for analysis. Similarly FFF, a 
developing technique which allows a quasi-continuous characterisation of colloidal matter 
over the whole size spectrum, provides limited amounts of each size fraction. In order to be 
able to perform an integrated analysis (chemical, mineralogical and toxicological) of 
environmental samples, our team therefore preferred to critically accept the limitations of 
TFF. Independent measurements of the effectiveness of TFF membranes in retaining 
colloidal material were performed using SPC (Dominik et al., 2003; Rossé, personal 
communication). These tests showed that our TFF membranes could reduce the number of 
colloidal particles by more than two orders of magnitude. Last but not least, a TFF 
apparatus (including membranes, peristaltic pumps, tubing and clean bench) offer a 
relatively ease of transport which was needed during the campaign outside Switzerland.  
 
4.3. Suspended particulate matter 
Suspended particulate matter for elemental analysis was collected by continuous flow 
centrifugation – CFC (sites Po, V, MA, PDS and BF) or by conventional membrane 
filtration (D1-D3, D8, D9, D12, BF, and Lem) using regenerated cellulose filters 
(Millipore™ Durapore®, diameter 47mm, nominal pore size 1.2µm) or, for Lake Geneva 
(Lem sites), polycarbonate membrane filters (Whatman, WH 70 604 710, diameter 47 mm, 
nominal pore size 1µm). 
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Figure 4.2. Percentage mass balances for the 10 kDa (A) and the 1 kDa (B) TFF ultrafiltration cartridges. 
Mass balances were computed according to formula 4b. The two horizontal solid lines indicate 80% and 
120% recovery; i.e. the lower and upper limit within which mass balances are considered acceptable. Each 
symbol correspond to a water sample (see table 3.2) which was subject to fractionation by TFF. A: n = 21, B: 
n = 23. 
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On those occasions where CFC was used, aliquots of raw water were filtered on 
Durapore® type filters for the determination of SPM concentration (Appendix 1). No 
analysis of particulate metals was performed for the localities NA, VE, GC and ST (see 
Table 3.2) where membrane filtration was performed to address specific methodological 
issues (Chapter 5). 
 
4.3.1 Continuous flow centrifugation 
CFC has been effectively used at the F.-A. Forel Institute for over 20 years. Earlier 
studies (Burrus et al., 1989; Rees et al., 1991; Santiago et al., 1994) showed that multi-
chamber Westphalia centrifuges are suitable for dewatering of suspended sediments in 
fluvial systems. Two centrifuges were fed in parallel using a submersible pump and 
operated at a flow of 5-6 L min-1, which ensures > 90 % recovery for inorganic particles 
and about 80% for organic ones and results in an approximate size cut-off of the retained 
particles of about 1µm (Burrus et al, 1989; Steinnmann et al., 1999). 
Advantages of CFC over common filtration techniques include (Rossé et al., 2004): 
- absence of problems such as membrane clogging, polarisation or surface 
coagulation which can affect the quality of the separation process (Buffle et al., 
1992) 
- achievement of particle separation according to particle size and density as it is 
the case in natural systems 
- recovery of relatively large amounts of material which allows a more thorough 
characterisation of SPM (e.g. XRF, XRD, Toxicity testing of SPM extracts) 
Drawbacks can arise from recovery efficiency, contamination from centrifuge 
components, temporal changes in the separation characteristics due to progressive bowl 
fill-up during operation, and aggregation/fragmentation of particles as they pass through 
the centrifuge bowl (Horowitz et al., 1989; Rees et al., 1991). Possible consequences of 
these drawbacks for the present work are discussed in chapter 5. At this point, it is 
important to note that the centrifuge effluent turned out to be unsuitable for further 
fractionation into colloidal and truly dissolved phases (Rossé et al., 2004). These 
observations led us to adopt the filtration/ultrafiltration scheme previously described in § 
4.2.2 instead of the direct fractionation of the CFC effluent. 
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4.3.2. Membrane filtration 
Filtration was carried out either in the field under a portable clean bench (BF, D, Po, 
V, MA) or in the clean room (VE, NA, PDS, GC, ST). Procedural and field blanks were 
prepared for each campaign by passing 500 mL of deionised water to check for filter 
weight losses or for the presence of residual solid material in the filtration apparatus. All 
filters were dried in the clean room, weighed for SPM determination and, when analysis of 
particulate trace elements was planned, stored in the clean room pending mineralisation. 
  
4.3.3. Biomimetic approach 
The complex problem of chemical partitioning (§ 1.3.2) was not dealt with in depth in 
this study. However an attempt was made to verify the possibility of adapting the 
biomimetic approach, originally developed for marine invertebrates (Mayer et al., 1995; 
1996), to the study of the bioavailability of particle bound metals in freshwater systems. 
The main problem is the small size of freshwater invertebrates compared with their marine 
counterparts. The collection of gut juices from a few specimen, as performed by Mayer and 
co-workers, is therefore impractical. However the same research group (Chen and Mayer, 
1999; Chen et al., 2000) showed that the effect of gut juices on particulate material could 
be mimicked by synthetic bovine serum albumin (BSA, Sigma P6529).  
Preliminary investigations were conducted by incubating aliquots (approx. 0.1 g dry 
weight) of SPM from sites PDS2 (dried material) and MA2 (wet material) with 500 µL of 
BSA solution at 5 and 200-fold dilution corresponding to amino-acids (AA) concentrations 
of about 330 and 8.3 mM. The AA content of gastric juices has been shown to be directly 
related to the quantity of metal released from sediment during gut passage (Chen and 
Mayer, 1998). Incubation time was 24 hours and sediment + BSA slurries were vortexed 
each 4-5 hours for about 30 seconds to ensure an homogeneous extraction of particle-
bound metals. Each “biomimetic extraction” was performed in triplicate and procedural 
blanks (i.e. BSA without sediment and sediment being in contact only with NaCl – the 
matrix in which BSA is delivered) were run to verify that metal extraction was actually 
linked to the action of the AAs contained in the BSA. At the end of incubation, the 
solutions were centrifuged at 8,000 g for 15 minutes. 300 µL of each BSA solution were 
then transferred into acid cleaned Teflon® vials and mineralised with 200 µL of H2O2 + 1 
mL of HNO3 using microwave assisted digestion. The solution were then made up to 3 mL 
with MQW and diluted 10-fold before analysis. This digestion step has to be introduced 
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since the BSA solution used for sediment extraction is very rich in organic carbon (matrix 
effects likely) and NaCl (sensitivity loss from Na and isobaric overlap at various m/z from 
Cl) and therefore unsuitable as such for analysis by ICP-MS.  
Further, about 30mL of Arenicola marina gut juices were kindly provided by Prof. 
Larry Mayer of the Darling Marine Center, University of Maine, Walpole. The juices were 
kept at - 80°C after collection, shipped to the F.-A. Forel Institute on ice and used upon 
receipt. Aliquots (0.2 g) of wet (Po and V sites) or dry (MA sites) suspended matter were 
incubated with 500 µL of A. marina juices and the resulting solution were mineralised as 
above. Blanks (i.e. Arenicola juice alone) were run to establish the background trace metal 
content of the juices themselves. 
 
4.4. Chemical analysis 
 
4.4.1. Filterable, colloidal and truly dissolved elements 
Trace element analysis (27Al, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 
95Mo, 114Cd, 121Sb, 206-7-8Pb, and 238U)  in filtered and ultrafiltered waters was performed by 
ICP-MS (Agilent, HP4500) using external calibration and internal (Rh/Re) standard 
correction. Typical detection limit have already been given in table 4.1. In samples with 
high conductivity (4V, 1M, 2M, 3M, 4M, 5M, and 6M – see appendix 1) Cr measurements 
were verified by the standard addition methods (Miller and Miller, 1993) to correct for the 
possible interference of chloride ions on Cr at m/z 53 (Jarvis et al., 1992). The standard 
addition method could not be performed for samples 2V and 3V due to limited sample 
availability. Also note that Fe determination by ICP-MS has to cope with the presence of 
polyatomic interferences from ArO+ and ArOH+ at m/z 56 and 57, corresponding to the 
two Fe major isotopes (Jarvis et al., 1992). Analytical results obtained using the isotope 
57Fe were qualitatively used to determine the relative importance of colloidal vs. truly 
dissolved Fe, when evaluating the role of coarse colloids as a carrier for trace metals (see 
chapter 5). Major elements (Ca, K, Mg, and Na) were assayed by flame atomic absorption 
at the Department of Inorganic, Analytical and Applied Chemistry of the University of 
Geneva. 
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4.4.2. Particulate elements 
When CFC was used for collection of SPM (Table 3.2), major constituents of 
particulate matter (Al, Ti, Ca, Fe, K, Mg, Na, and Si) were determined by X-ray 
fluorescence (XRF) using a Philips 2400 apparatus. Relative standard deviations (2s) for 
the corresponding metal oxides were 1% for Al and K, 2% for Ca, Fe, and Mg, 3% for Na, 
0.7% for Si, and 0.02% for Ti. XRF analyses were performed at the Centre d'Analyse 
Minérale (CAM) of the University of Lausanne (Switzerland).  
Trace elements were determined by wet mineralisation using microwave assisted 
digestion (Ethos 1600, Milestone). Aliquots of 0.2g wet weight (Po, V) or 0.05 g dry 
weight (MA, PDS, BF) were weighed into acid cleaned Teflon® vessels and dissolved 
with 5mL of Suprapure® HNO3. The resulting solutions were transferred into 
preconditioned high density polyethylene tubes, diluted to 10 mL with deionised (Milli-Q) 
water and stored at 4°C pending analysis. Digestions were performed in triplicate and 
procedural blanks were included to check for ambient or reagent contamination. Overall 
reproducibility of mineralisation procedures was generally better than 10-15%. Water 
content of suspended sediments slurries (samples from Po and V localities) was determined 
by drying independent aliquots of wet material at 60°C in order to express metal 
concentration on the conventional dry weight basis. 
When particulate matter was recovered by membrane filtration (see Table 3.2), a total 
digestion procedure was applied in order to recover potentially refractory constituents such 
as Al, Ti, and possibly Fe for determination by ICP-MS. Whole dried membrane filters 
were placed into the Teflon® vessels and dissolved with a mixture 3mL HNO3 + 3mL HCl 
+ 3mL HF + 1mL MQW (subsequently simplified to 7.5mL HNO3 + 2.5mL HF). 
Acceptable recoveries (> 80% of the certified values for the reference material) were 
obtained for Ti and Fe but not for Al. Note that, at the high Fe concentration present in the 
solution of digested particles, Fe concentrations could be determined rather accurately 
despite the polyatomic interference (see § 4.4.1).  
Metal determination by HNO3 leaching and total digestion were compared by 
digesting particles collected by CFC from the rivers Po (3 samples) and Vistula (4 
samples) according to both procedures. Figure 4.3 compares the results of the 2 
mineralisation procedures for selected samples. Marked differences were present for Al, 
Ti, V and Cr; while results for other elements generally showed good agreement. 
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4.4.3. Organic carbon and master parameters of raw water samples 
Filterable, colloidal and truly dissolved organic carbon were measured by high 
temperature catalytic oxidation using a Shimadzu 5000 TOC analyser. POC and TN were 
measured  by a Micromass Isotopic Ratio Mass Spectrometer coupled with VG Isochrom  
Elemental Analyser (the isotopic characterisation of SPM and colloids is part of the PhD 
work of Tamara Dworak-Weber).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Comparison of particulate metal concentrations (Log scale for representation purposes) measured 
after total (open white circles) and HNO3 only (black filled circles) digestions for 4 selected samples of 
suspended matter collected by CFC from the rivers Po and Vistula. Vertical bars indicated the standard 
deviation of 3 replicate measurements. See Table 3.2 for sample codes. 
 
Concentration of SPM was determined gravimetrically as the weight of the dried 
material retained on 1.2 µm (1µm for Geneva Lake) membrane filters.  
Dissolved oxygen content, alkalinity and water hardness were determined on raw 
water samples using AquaMerck® kits. Conductivity and pH were measured in the field 
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using portable probes. Percentage O2 saturation values reported in appendix 1 have been 
calculated according to the values tabulated in Truesdale et al. (1955). 
Major anionic species needed for speciation calculation were quantified by ion-
chromatography using a Dionex  2000i ion chromatograph equipped with a ASRS-ultra (4 
mm) anion self-regenerant suppressor and a CDM-II conductivity detector. Analysis was 
performed at the IRSA laboratory in Milan (samples from the river Po) or at the University 
of Lausanne (samples from other localities). 
 
4.4.4. Quality control procedures 
The possible occurrence of contamination of water samples was constantly monitored 
by running field, procedural and instrumental blank for each analytical step (Table 4.1 and 
sections 5.2 and 5.3). When contamination was suspected, additional aliquots of samples 
and blank were run and doubtful results were discarded. Accuracy of ICP-MS 
determination for the water phase was monitored using NIST standard reference material 
1643d (river water, see appendix 3 for a list of the certified element values). Where 
necessary the 1643d standard was diluted 10-fold to better approach the actual 
concentration measured in the samples. Accuracy was generally within 10% of certified 
values (Figure 4.4). Note that some elements (e.g. Ti, U) are not reported in figure 4.4 
because no certified values were available for standard 1643d. In the case of Fe, percentage 
recoveries (not shown) were in the range of 160-180% due to the presence of strong 
polyatomic interference (see above). Copper seems to be the element most suffering of 
slightly "enriched measurements" (10-20%) using our instrument. Some other anomalous 
values are probably linked to problematic regions of the m/z spectrum (i.e. Mg and Al) or 
punctual memory effects (e.g. the high value for Mn) after a very “metal loaded” sample. 
Accuracy of wet total digestion procedures was monitored using the reference material 
STSD-2 (appendix 3) from the Geological Survey of Canada (Lynch, 1990). Percentage 
recovery of elements after total digestion was generally within ± 20% of the certified 
reference values except for Al and Cd (Figure 4.5). The significant losses observed for Al 
most probably follow from the formation of insoluble species during the treatment with HF 
(Welter et al., 1997). The generally high Cd values may possibly be linked to the relatively 
high standard deviation of the certified Cd concentration for the STSD-2 material (0.8 ± 
0.3 µg g-1). 
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Figure 4.4. Accuracy of trace element measurements by ICP-MS with respect to certified elemental 
concentrations in the NIST standard 1643d (trace elements in water). Each symbol indicate analysis of an 
independent aliquot of the reference material. Solid horizontal lines delimit the 90% - 110% interval. The 
complete array of certified values for the reference material 1643d is given in appendix 3. 
 
4.5. Single Particle Counter 
 A single particle counter (SPC) system has been used to perform a few checks of 
the actual size cut-offs of the filtration devices (cartridges and membrane filters) employed 
in the present study (chapter 5). The specific instrument configuration consisted in 2-
counter systems (Partcicle Measuring System, Inc., Boulder, Co) which allow counting and 
sizing of colloids between 50nm and 2µm in 19 classes (Rossé and Loizeau, 2003). Both 
systems are based on the principle of light scattering by single particles. 
Advantages of the SPC with respect to alternative counting techniques (e.g. 
transmission electronic microscopy coupled with computer image analysis, photon 
correlation spectroscopy) include a better suitability for particle measurement in 
polydisperse samples and the possibility of measuring diluted samples without the need for 
preconcentration steps. 
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Figure 4.5. Element percentage recoveries for the reference material STSD-2 following total digestion (see 
text). Each symbol corresponds to an independent mineralisation of an aliquot of the reference material. 
Black solid lines define the range 80-120 %; dashed lines indicate the certified concentration (taken as 100%) 
plus or minus 1.96 standard deviations. The complete array of certified values for reference material STSD-2 
is given in appendix 3. 
 
4.6. Toxicity testing 
 Tests for growth inhibition of the green alga Pseudokirchneriella subcapitata were 
performed in sterile microplates (96 wells) with a capacity of ~ 320 µL per well according 
to the method described by Pardos et al. (2000). At the end of the test (72 hours), algal 
growth was determined using a microplate spectrophotometer (SPECTRAmax® 340pc, 
Molecular Device, Sunnyvale, USA) at 440 nm. 
 The microplate test for the reproductive success of the rotifer Brachionus 
calyciforus was carried out in sterile microplates (48 wells) with a capacity of 1.6 mL per 
well according to standard procedures (AFNOR, 2000). At the end of the test (48 hours) 
inhibition of asexual reproduction was assessed by counting the number of offsprings per 
individual with respect to the control. 
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4.7. Data handling and reduction 
Raw experimental data have been used for the discussion presented in chapters 6 and 
section 8.3. For chapters 7 and 8 (remaining sections) the partition coefficients Kd, Kp, Kc, 
and Kpc were computed as described below (refer to glossary for abbreviation and 
symbols). 
  
4.7.1. Calculation of partition coefficients 
Kd: expresses the affinity of an element for the SPM with respect to the total filterable 
phase (i.e. colloids + true solution). Since two different aliquots of filtered water were used 
for processing through the 1 and 10 kDa TFF cartridges, two filterable concentration 
values were available for use in formula 4c, while the same particulate metal concentration 
was used. The obtained Kd1 and Kd10 were generally similar and have been averaged into 
single Kd values: 
 
 
     (4c) 
 
 
Kp: expresses the affinity of an element for the SPM with respect to the truly dissolved 
phase; under the assumption that equilibrium/steady state condition are established 
between particles and true solution as to metal partitioning. Note that Benoit et al. (1994) 
and Wen et al. (1997) put forward the hypothesis that transfer between true solution and 
SPM actually occurs solely via colloidal pumping. Kp coefficients were calculated on the 
basis of the results for the 1 kDa cartridge (Kp1) using its permeate (TD) as the 
denominator in equation 4d:  
 
     (4d) 
 
 
Kc: indicates the affinity of an element for CSS with respect to the ultrafilterable phase 
and assuming, in a way analogous to the Kp, that equilibrium or steady state conditions 
exist between colloids and true solution. Given that TFF was performed using two 
cartridges with different cutoff, 3 Kc coefficients can be defined (formula 4e): 
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a) KcTot: where the mass of colloidal element is calculated with respect to the 
total mass of colloids (1.2µm-1 kDa) and [Me]Perm is the truly dissolved (< 
1kDa) concentration. The KcTot allows, by comparison with the Kp, to 
establish if an element has higher affinity for SPM or total CSS (section 
7.4). Similarly the Kc10 and Kc1 (see below) compare the affinity of an 
element for the different colloidal pools (section 7.5). 
b) Kc10 where [Me]Coll correspond to the mass of colloids in the range 1.2µm-
10kDa (HMW) and [Me]Perm is the element concentration in the permeate of 
the 10 kDa cartridge 
c) Kc1 where [Me]Coll correspond to the mass of colloids in the range 10-1kDa 
(LMW) and [Me]Perm is the element truly dissolved concentration 
            
     (4e) 
 
 
Kpc (Benoit and Rozan, 1999): expresses the affinity of a given element for the total 
available solids (SPM + CSS) with respect to the truly dissolved phase. In practice, the Kpc 
takes into account the fact that colloids actually represent an additional "solid phase" 
available for trace metal complexation and should be added to SPM in the numerator of the 
expressions for partition coefficients. The Kpc is actually a combination of the Kp and Kc to 
yield the following formula: 
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The Kpc is expected to correct for the particle concentration effect and for the within-
system variability of Kd coefficients should the presence of colloids, and associated trace 
elements, be the only or at least the largely predominant cause of the observed variations in 
Kd values. 
The CSS required for Kc and Kpc calculation was estimated in two different ways:  
- from the total colloidal C, Ca, K, Mg, and Na concentrations (1 kDa cartridge) 
under the simplifying assumption that these elements occurred as CH2O, CaO, 
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K2O, MgO, and Na2O. The contribution of colloidal Al, Fe, Mn, and Ti to CSS 
was neglected since concentrations of these latter elements in the colloidal 
fraction are 3 orders of magnitude lower (µg L-1 vs. mg L-1) than those of 
organic carbon and major elements. 
- by ultracentrifugation (Centrikon T-1080) of concentrate retentate suspension of 
the 1 kDa cartridge for 56 hours at 26,000 g and 5°C. Under these conditions 
colloids larger than approx. 10 nm (assuming a density of 1.1 g cm-3) are 
removed from the suspension and their mass can be determined gravimetrically; 
while smaller (or less dense) colloids (i.e. mainly organic matter) will remain in 
the supernatant. The total mass of colloids is then given by the sum of large and 
small colloids with the latter calculated by: 
 
Mass of small colloids (mg L-1) = ((OCsupernatant - OCpermeate) / conc. factor)*2.5 
 
The factor 2.5 is used to convert the experimentally measured C concentrations (in mg L-1) 
in grams of CH2O (see above, Sanudo-Wilhelmy, 1996). Detailed examination of 
ultracentrifigation results is part of the work of Tamara Dworak-Weber. The two 
procedures generally yielded comparable results and CSS estimated from ultrafiltration 
results will be used in the present work. 
 
4.7.2. Metal speciation in the truly dissolved phase 
As seen in chapter 1, the specific chemical form in which a given element occur in the 
aquatic environment is ultimately determined by the thermodynamics and kinetics of the 
reactions between the element itself and the various ligand molecules (i.e. particulate, 
colloidal and truly dissolved) available for metal complexation. If all the heterogeneous 
ligands (i.e. SPM and CSS) are removed, speciation will be determined by 
equilibrium/kinetic of the reactions between the element and the truly dissolved ligands. If 
the complexation constants between an element and each ligand are available, elemental 
speciation at the chemical equilibrium can be calculated by solving a set of simultaneous 
equations (Langmuir, 1997). In complex matrices, such as natural waters, there is usually a 
very large number of equation to be solved and speciation is generally determined with the 
aid of specially developed computer programs. In this way, it is possible to calculate the 
percentage abundance of each metal-ligand complex and of the free metal ion. Estimation 
of the latter is particularly important since, according to the current general understanding 
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of ecotoxicology, the free metal ion has a central role in controlling metal bioavailability 
and bioaccumulation (Campbell, 1995; Brown and Markich, 2000). Some of the hypothesis 
underpinning the FIAM and the BLM have been recently questioned (Campbell et al., 
2002), but the importance of metal speciation in determining the biological response is 
being increasingly recognised. 
In this work, metal speciation is estimated for the truly dissolved fraction using the 
program "Visual Minteq", a Windows based version of the popular MinteqA2 model 
(Allison et al., 1991; US EPA, 1998). Visual Minteq has been developed by Jon Petter 
Gustafsson at the Swedish Royal Institute of Technology and is available free of charge at 
http://www.lwr.kth.se/english/OurSoftware . 
Estimation of metal speciation in the truly dissolved phase constitute an innovative 
aspect of this work. Although exceptions exist (Campbell, 1995; Koukal et al., 2003), 
colloidal bound metals are in principle not available for unicellular organism used in 
laboratory toxicity testing such as the green alga Pseudokirchneriella subcapitata. 
Following the FIAM (and the derived BLM), only the truly dissolved metals represent the 
fraction potentially available for these organisms. The exact extent of the bioavailability of 
the truly dissolved metal is in turn determined by the concentration of the free metal ion. 
The quality of the output of any speciation model is strongly dependent on the quality 
of the available constants which “must be relevant for the solution of interest in terms of its 
chemical composition, ionic strength, temperature and pressure (Libes, 1992)”. Despite the 
good perception of the importance of this problem, the quality, quantity and relevance of 
available constants remains very limited; which can result in erroneous modelling results 
(Town and Filella, 2000; 2002b). The problem is critical for complexation with natural 
organic ligands. Some complexation values for humic and fulvic acids are actually 
incorporated in the latest models (Visual Minteq being among them), but such compound 
do not represent the variety of organic ligands potentially present in a natural environment 
(e.g. Sigleo and Means, 1990). The use of these model must therefore be made with 
caution and by carefully evaluating the available complexation constants. 
 
4.7.3. Statistics 
Experimental variables were tested for normality using the Kolmogorov-Smirnov test 
and mainly had non normal distributions. The presence and significance of correlation 
among the different elements and between elements and environmental variables (see 
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chapters 6 and 8) was then tested using the non-parametric Spearman correlation test 
(Davis, 1986). To reduce the eventuality of spurious correlation resulting from the 
comparison variables being measured on different scales, raw data were centred on their 
respective mean values and then divided by the corresponding standard deviations (Davis, 
1986). 
Robust linear regression techniques, such as robust MM regression, least trimmed 
squares regression and least median square regression (Rousseeuw, 1984; Rousseeuw and 
Yohai, 1984), were used to establish parametric relationships between master 
environmental variables (e.g. pH, conductivity, and DOC) vs. metal distribution / partition 
coefficients and total filterable vs. truly dissolved concentrations for selected elements 
(chapter 8). Robust techniques provide an output similar to standard least squares fitting 
methods but are better suited to deal with non-normal data distribution and with the 
presence of outliers (Mathsoft, 1999), two frequent occurrences in environmental studies.  
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Chapter 5: Methodological aspects 
 
The need for sample fractionation arises from the different biogeochemical behaviour 
of the various metal pools (i.e. particulate, colloidal and truly dissolved) in the natural 
environment. Fractionation procedures specifically aim at splitting whole environmental 
samples in a few relevant fractions in order to better understand factors and processes 
controlling pollutant fate and bioavailability. The main drawback of virtually all 
fractionation methods is their operationally defined nature; a limitation which intrinsically 
stems from our inability to study the complex environmental reality as a whole and without 
disturbing it.  
Note that this "human limitation" to environmental studies partly applies also to in situ 
measuring techniques such as Diffuse Gel Thin Layer (DGT, e.g. Odzak et al., 2002) and 
Multi Physical-Chemical Profiler (MPCP, e.g. Tercier-Waeber et al., 2003). Compared 
with filtration/ultrafiltration techniques, these approaches have the advantage of not 
perturbing the natural water sample before element analysis. However, the measured 
elemental concentrations still retain an operational character since, with the exception of 
free metal ion concentrations, little is known about the exact nature element labile species 
which are actually quantified using these techniques. On the other hand, the simultaneous 
use of physical separation techniques (i.e. TFF, membrane ultrafiltration or FFF) with 
these in situ type of measurements should indeed be explored as a tool to gain better 
insight into the complex environmental reality. 
These short considerations highlight that detailed, non routine-monitoring studies 
should always take care to evaluate the possible consequences of each methodological 
choice on the quality of the produced data. As to our project, peculiar choices for the study 
of metal partitioning include the use of:  
 
(a) CFC for SPM separation,  
(b) filter cartridge instead of membrane filters for the determination of total 
filterable metal concentrations, and  
(c) 1.2µm boundary between particulate and dissolved phase instead of the more 
commonly used 0.45µm.  
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5.1. Continuous flow centrifugation2 
Two potential main problems were considered:  
a) can the CFC effluent be used to further separate colloidal material from true 
solution? 
b) are particles collected by CFC enriched or depleted in trace metals with respect 
to particulate material sampled by conventional filtration? 
 
As to the first issue, it has already been anticipated that a measurable metal 
contamination of the centrifuge effluent was observed. Contamination could be ascribed to 
both intrinsic factors (i.e. centrifuge components) and particle disruption during the 
centrifugation process (Rossé et al., 2004). This latter aspect implies that particles with a 
size > 1µm, which would normally be retained in the centrifuge bowls, may be broken up 
in 2 or more fragments, some (or all) of which small enough to be carried out of the bowls 
along with the centrifuge effluent.  
Issue (b) partly follows from such possibility of particles' fragments being carried out 
of the centrifuge bowls. Such physical disruption of suspended particles may not only 
contaminate the centrifuge effluent but also decrease the metal content of the particles 
retained in the centrifuge. However, large effects in the effluent can result from very 
limited levels of particle disruption (see below). Another factor, which can determine 
larger variations in the measured particle metal content, is the difference in the cut-off 
between the 2 techniques since membrane filtration operates solely on the basis of a size 
separation (at least under ideal artefact-free conditions; sections 5.2 and 5.3), while CFC 
separates particles according to size and density. 
A comparison between metal concentration of particles collected by CFC and 
membrane filtration was carried out during the campaign on the Borgne of Ferpècle 
(Switzerland). Differences between the two procedures were about 50% for Al, between 
20% and 30% for Co, Cu, Ni, Zn, Pb, and U, and around 10% (or less) for As, Cr, Fe, Mn, 
Mo, Ti, and V (Fig. 5.1). In general, for differences larger than 10%, membrane filtration 
yielded higher particulate metal values suggesting that 1.2µm Durapore® filters may retain 
particles smaller than the specified manufacturer cut-off (sections 5.2 and 5.3). In this case, 
the measured particulate metal concentrations would increase due to retention of some 
                                                             
2 Work done in co-operation with Patrick Rossé. Major findings summarised in Rossé et al. (2004), submitted 
for publication in "Hydrological Processes" 
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colloid bound metals onto the filter itself. Alternatively, disruption of particles during CFC 
may cause losses of particles (and particulate bound elements) to the CFC effluent during 
the centrifugation process. Since particle losses during CFC have been estimated at about 
0.5% (Rossé et al., 2004), partial retention of colloid bound metals on membrane filters is 
probably the major reason for the observed differences between the two techniques.  
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Figure 5.1. Comparison of solid phase elemental concentrations for SPM collected in the Borgne river by 
CFC (empty circles) and membrane filtration (black circles). The two symbols overlap for Ti. Vertical bars 
indicate one standard deviation (n=3). Al, Ti, Fe and Mn are in mg g-1; other elements are in µg g-1.  
 
5.2. Effects of filtration device: filter cartridge vs. membrane filters 
 
5.2.1. General remarks 
Increasing awareness suggests that filtration, although a routine practice in most 
laboratories, must not be regarded as a trivial step in sample fractionation (Horowitz et al., 
1996a; Shiller and Taylor, 1996). Even when the necessary precautions are taken to 
minimise artefacts, such as membrane clogging or element adsorption onto filters (Buffle 
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et al., 1992), numerous factors, other than membrane pore size (including operator 
dependent aspects such as the choice of membrane type/manufacturer and filtration 
method), can determine large variations in the filterable metal concentration (Horowitz et 
al., 1992; Hall et al., 1996; Horowitz et al., 1996a, b). Other sources of variability 
obviously include natural factors such as changes in SPM concentration and the relative 
importance of the colloidal metal pool for a given element. These two factors eventually 
determine the amount of water which can be filtered before the primary onset of membrane 
clogging and associated artefacts (Horowitz et al., 1996a, b; Morrison and Benoit, 2001); 
meaning that clogging is likely to be more important and rapid in highly turbid 
environments and for metals possibly occurring in pure mineral colloidal phases such as 
Al, Fe and Mn. Indeed, Morrison and Benoit (2001) suggest that artefact free results may 
be impossible to obtain for certain element / filter type combinations. 
High surface area filtration devices (other than membrane filters) intuitively offer an 
effective way to minimise possible artefacts due to membrane clogging, as suggested by 
Horowitz et al. (1996b). Their major drawbacks arise from the need to process 
comparatively large volume of water; which is not required in e.g. monitoring studies of 
metal concentration by regulatory agencies (Shiller et al., 1996). However, practical 
considerations often turned out to be of secondary importance (e.g. the consequences of 
avoiding the use of costly and time consuming clean techniques for sample collection - see 
e.g. Benoit, 1994; Gasparon, 1996; Benoit et al., 1997) when meaningful environmental 
data must be collected.  
In this section we compare two 1.2 µm nominal pore size polypropylene cartridges 
(Calyx, MSI and Polypro, CUNO; both with diameter 7cm and nominal length 25cm) with 
1.2 µm membrane filters for the Po, Sebou and Dunajec (march 2003 only) campaigns. 
Cellulose type (Millipore, Durapore) depth filters were used. Although less precise than 
screen type polycarbonate filters, Durapore filters were selected since they are less prone to 
clogging at high SPM concentration (Buffle et al. 1992; Morrison and Benoit, 2001). The 
choice of the 1.2µm boundary instead of the IUPAC recommended 1µm between 
particulate and filterable phase was imposed by the commercial availability of the material. 
Calyx cartridges, used during the Po campaign (July 2001), had to be replaced by CUNO 
in Sebou (May 2002) and Dunajec (March 2003) campaigns since the local Calyx™ 
supplier retired from business during this time. 
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5.2.2. Detailed filtration protocols 
Cartridge filtration was performed as described in section 4.2.1. Four independent 
replicates of filtered water (2 for each one of the 10L reservoir containing the prefiltered 
water to feed to TFF cartridges) were taken for elemental analysis. Blank values of the 
pumping system (i.e. tubing, cartridge and connecting parts) were normally either below 
the detection limit or negligible for all elements except Zn (table 5.1). The highest blank 
levels were obtained for the Sebou campaign where the difficulties of obtaining good 
quality water from the local public supply for cleaning between samples were exacerbated 
by high levels of dust present in the Moroccan arid climate. Blank levels never exceeded 
5% of concentration in the samples. Reliable Zn results could be obtained for Po and, 
except MA1, Sebou samples due to the presence of high Zn levels (Table 5.1). Zn results 
for the Dunajec river and Czorsztyn reservoir have been discarded. Cd results have also 
been omitted because, except at Lambro-Po sites, concentrations were below or at the 
detection limit (0.002 - 0.007 ppb). Subsamples for metal analysis were taken under  a 
clean bench and immediately acidified to 1% with Suprapure® HNO3.  
For membrane filtration, aliquots of raw water were collected with the same pumping 
system as above except that the cartridge was by-passed. Filtrations (50 - 300 mL 
depending on visually estimated turbidity) were carried out in triplicate in the laboratory 
under a clean bench. A procedural blank filter was run for each sampling point to check for 
contamination. Subsamples were collected as described above. Blank levels of membrane 
filters were either below detection limit or, when measurable, always lower than the 
filtration cartridge blanks and are not reported in table 5.1. 
 
5.2.3. Evaluation of actual cartridge and membrane cut-offs 
With the possible exception of screen type filters, the actual performance of different 
membrane types (or of different lots of the same membrane type), having identical nominal 
cut-off, may be subject to large variations even in the absence of clogging phenomena 
(Hall et al., 1992; Horowitz et al., 1996a, b). Ideally an independent evaluation of filter 
cut-off should accompany each determination of filterable metals. The SPC technique is 
particularly suited for such purpose, provided that a short delay is maintained between 
sampling, filtration, and SPC measurement in order to minimise the likelihood of colloidal 
aggregation / coagulation processes in both raw and filtered water samples. Note that 
coagulation of very small colloids has however been shown to be virtually instantaneous 
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(Filella and Buffle, 1993; Buffle and Leppard, 1995). In principle, the SPC apparatus is 
portable, but the instrument requires long time to achieve a stable background signal and 
the quality of such a signal is dependent on the quality of the water supply. For these 
reasons, we were unable to conduct parallel systematic investigations of filterable metal 
concentrations vs. efficiency of the filtration apparatus (cartridge or membrane). 
 
Table 5.1. Typical detection limits (DL) of the ICP-MS (calculated as 3 times the standard deviation of 
analytical blanks), procedural blank values of the pumping system and concentration ranges (cartridge 
filtration) for Po, Sebou and Dunajec/Czorsztyn (2003 campaign). All values are in µg L-1. Concentration in 
samples are means of 4 independent measurements (4 analytical replicates per measurements) for the Po and 
Dunajec campaign and of 2 independent measurements (4 replicates) for the Sebou campaign. 
 
 Typical DL Blank range Po Sebou Dunajec 
Mg 2.8 - 30 BDL n.d. 8,047 - 14,105 8,174 - 8,936 
Al 0.2 - 1.3 BDL 15.8 - 21.6 4.3 - 17.4 1.9 - 9.5 
Ca 14.6 - 180 BDL n.d. 59,090 - 94,615 45,425 - 47,355 
Ti 0.015 - 0.023 Max 0.076 0.261 - 0.797 0.331 - 2.58 0.238 - 0.451 
V 0.003 - 0.035 Max 0.13 0.467 - 1.07 0.731 - 2.80 0.122 - 0.167 
Cr* 0.02 - 0.1 0.035 - 0.15 0.634 - 1.06 0.51 - 226 1.60 - 2.15 
Mn 0.02 - 0.46 BDL 6.9 - 61.0 3.5 - 50.0 8.0 - 31.1 
Fe 3.1 - 8.6 BDL 72 - 183 177 - 430 155 - 158 
Co 0.003 - 0.013 BDL 0.046 - 0.351 0.150 - 1.06 0.076 - 0.088 
Ni 0.01 - 0.05 Max 0.2 1.30 - 6.75 0.76 - 13.9 0.87 - 1.14 
Cu 0.01 - 0.05 0.1 - 1.2 1.25 - 3.37 11.4 - 39.6 1.37 - 1.60 
Zn 0.02 - 0.8 0.13 - 8.4 4.8 - 15.3 2.9 - 129 n.a. 
As 0.065  0.5 Max 0.7 1.84 - 3.64 0.69 - 1.21 0.474 - 0.494 
Mo 0.02 -  0.04 Max 0.05 0.71 - 1.34 0.24 - 1.16 0.49 - 0.53 
Sb 0.002 - 0.006 BDL 0.119 - 0.435 0.032 - 0.283 0.145 - 0.158 
Pb 0.004 - 0.04 Max 0.074 0.057 - 0.613 0.042 - 1.45 BDL 
U 0.002 - 0.004 BDL 0.79 - 1.68 0.28 - 0.79 0.40 - 0.43 
* standard addition method used for samples from the Sebou river catchment. N.d. = not determined; BDL = 
below detection limit, n.a. = concentrations in the same range of blank (see text) prevent accurate 
quantification. 
 
Figure 5.2 gives an example of SPC measurements for the Calyx cartridge and 
Durapore® filters. The comparison is purely qualitative since the two measurements were 
performed on two different samples, but it shows that Durapore® filters may be over 
effective in retaining particle much smaller than the specified size cut-off. Adopting a 90% 
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retention criteria, the actual cut-off of the Calyx cartridge and of Durapore® membrane 
would be around 2 µm and 0.2 µm respectively (Fig. 5.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Qualitative comparison of the efficiency of a Calyx (MSI) cartridge filter vs. a Durapore® 
membrane filter having the same nominal cut-off of 1.2 µm. The number of particles in each size class was 
measured by SPC (Rossé and Loizeau, 2003) before and after filtration of 2 different water samples. The 
percentage of retained particles is expressed relative to the measured number of particles in raw water. 
 
5.2.4. Performance of filtration devices 
The overall variability of metal concentration across the three study areas (Table 5.1) 
was especially marked for Cr and Pb (3 orders of magnitude), Cu and Zn (2 orders of 
magnitude) and Mn (1 order of magnitude), while levels of other elements were more 
uniform. Detailed descriptions of each study area and of the corresponding environmental 
quality problems are given in chapter 3.  
For the Lambro-Po samples (Fig. 5.3a), the filtration cartridge and the membrane 
filters produced comparable results for 10 out of 15 elements. Exception included Al, Ti, 
Mn, As and Pb. Al is usually a constituent of colloidal-sized clay minerals or can form 
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pure oxides having sizes within the size range of coarse colloids (approx. 0.45 - 1 µm, 
Buffle et al., 1992). Detailed fractionation results (see chapter 6) show that about 30% 
(Po1, Po2) and 60% (Po3) of the total filterable Al is actually in the size range 1.2 µm - 10 
kDa. At these sites, the percentage fractions of colloidal Al determined by TFF and the 
percentage difference in the total filterable Al concentrations between membrane filters vs. 
Calyx cartridge (Fig. 5.3a) are similar and suggest that Durapore® membranes may retain 
colloidal Al more effectively. On the other hand, the fraction of colloidal Mn is only 
around 10 % at site Po1 and Po2 and, as a consequence of suboxic conditions, negligible at 
site Po3. Comparative filtration results agree with these observations for site Po3, but 
indicate excess retention of Mn by Durapore® filters. Blank filters do not give evidence of 
adsorption phenomena for Mn inside the membrane (the number of Mn counts per second 
at the ICP-MS was equivalent for the filter blank and the analytical blanks), and it 
therefore seems that Mn coagulation occurred during filtration with the Durapore® 
membranes, despite the precautions which were taken. For Ti and Pb the same 
consideration as Al apply, since the HMW colloidal fractions (determined by TFF) of these 
elements are comparable with the differences observed between the 2 filtration devices. 
Indeed Ti is present in the colloidal clay fraction which have been identified in our samples 
by XRD (Dworak-Weber, personal communication) and a part of filterable Pb may also be 
incorporated in the lattice of clay minerals (Vignati and Dominik, 2003). Ti could also 
occur as colloidal-sized TiO2(s). Arsenic mineral phases can possibly enter the Po river via 
the Ticino tributary, which drains the Lake Maggiore basin where As rich rocks are present 
(see, for example, Marchegiani, 2000; Pfeifer et al., 2000; Amorosi et al., 2002). However 
colloidal As was negligible at all Po sites and it is possible that As co-precipitated along 
with Mn during the filtration process.  
For the Dunajec river and Czorsztyn reservoir (Fig. 5.3b), the negative differences in 
filterable Al concentrations obtained by membrane filters are less marked and possibly not 
significant for point D9. Since the fraction of colloidal Al (1.2 µm - 10 kDa) is 30-60% 
(see chapter 6) this may be linked to the lower SPM content of these samples (appendix 1), 
which resulted in less clogging of Durapore® membranes during the filtration. Similar 
considerations as for sites Po1, Po2, and Po3 apply for the lower Mn yields by membrane 
filtration for samples D8 and D9. In the Czorsztyn reservoir, colloidal Mn may be 
produced in situ following release of Mn(II) from bottom sediments and subsequent re-
oxidation to Mn(IV) in the water column (see section 6.3). However, the fraction of Mn  in 
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the total colloidal range (see § 6.1.1.3) was constantly lower than 5% which would not 
account for the differences between the two devices. Finally, lower Pb concentrations seem 
to be obtained by Durapore® filters but Pb levels were quite close to the detection limit 
and this comparison must be considered of qualitative value. Comparable results between 
the two devices were obtained for the other elements in this system. 
The pattern for the Sebou river (Fig. 5.3c) is much less straightforward. Large 
differences between replicates were present for both cartridge and membrane filters with 
RSD values often exceeding 15%. These variations are obviously magnified by error 
propagation when computing the ratio of cartridge vs. membrane filter elemental 
concentration. In this case systematic differences for Al and Mn do not seem to be present 
(Fig. 5.3c); while Cr, Cu, and Pb concentrations at sites M3 and M4 are much lower when 
determined by membrane filtration. The colloidal pool of these elements (§ 6.1.1.3 and 
6.1.1.5) at these sites accounts for 50-80% (Cr), 50-60% (Cu), and 80-100 (Pb) of the total 
filterable concentrations which may explain their higher retention by membrane filters. 
However, many other elements had over 50% of total filterable concentrations associated 
with colloids but do not exhibit the same behaviour.  
While noticing that each metal may exhibit a specific partitioning behaviour (see e.g. 
Förstner and Wittmann, 1981), we must therefore acknowledge that the application of 
filtration techniques in an extremely difficult matrix such as the Sebou river (e.g. high 
SPM concentration, high DOC concentration and high conductivity values – appendix 1) 
may push fractionation techniques to their intrinsic limits. Although membrane filters 
clearly have a smaller surface area, the large volume of water needed to operate a cartridge 
may eventually lead, in highly turbid environments, to clogging phenomena analogous to 
those observed Durapore® filters before filtration is completed (i.e. artefacts arising from 
the combined effect of SPM concentration and volume of water to filter - Horowitz et al., 
1996a). 
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Figure 5.3. Comparative performance of cartridge filters vs. Durapore® membrane filters for trace element 
determination in 3 contrasting aquatic environments. In the graphs, elemental concentration measured in 
filtrate obtained by filtration through Durapore® membranes are expressed as percentage of the 
corresponding values measured after cartridge filtration. The solid horizontal lines delimit the interval 80 - 
120 %. Vertical bars indicate 1 standard deviation. 
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5.2.5. Implications and recommendations 
Under normal conditions (Po river, Czorsztyn reservoir and Dunajec river), the choice 
of membrane filters vs. high surface area filtration devices seems to have little effect on the 
accuracy of filterable trace metal concentrations except for some terrigenous elements (Al, 
Ti, and maybe rare earth elements which were not measured), oxide forming elements (e.g. 
Mn) and elements potentially associated with clays, actively scavenged and/or forming 
insoluble hydroxides (e.g. Pb). If accurate determination of the latter elements is needed, 
the use of large filtration cartridges should be preferred. Provided that the necessary 
cleaning procedures are adequately followed, there is no a priori rule to regard the lowest 
concentration as the most accurate one since membrane clogging can start before being 
detectable by e.g. monitoring of filter back pressure (Morrison and Benoit, 2001). 
In the analysis of more difficult matrices (Sebou river), the situation can become quite 
puzzling. At high SPM values, clogging may start at the very beginning of the filtration 
process irrespectively of the adopted device and make it very difficult to obtain accurate 
measurements of filterable metals. In such cases, to employ cascade filtration through two 
cartridges may represent an interesting option to try to improve the precision of the 
measurements.  
These results constitute a warning to all scientist working in arid regions and/or highly 
turbid rivers. Well established environmental techniques have often been developed for 
European or North American rivers with hydrogeochemical characteristics which are very 
different from those of e.g. Moroccan rivers. Similar implications may arise when studying 
European rivers under flood conditions. 
In this sense, independent determination of the actual cut-off of filtration device before 
regular use (e.g. national monitoring programs) can be very helpful when comparing 
results collected during different surveys or from different authorities. 
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5.3 Choice of filtration cut-off3 
 
5.2.1. General remarks 
Technical constraints of ultrafiltration membranes require large particles to be 
removed prior to separation of colloids from true solution (Buffle and Leppard, 1995a). As 
documented in table 1.3, this is most often accomplished by prefiltration through 
membranes having pore sizes of 0.45 µm or 0.22 µm which result in the inclusion of 
coarse colloids (by definition up to about 1 µm, chapter 1) into the particulate phase. Apart 
from practical considerations (Horowitz et al., 1996; Shiller and Taylor, 1996), there is 
also an acceptance on theoretical grounds that coarse colloids are likely to contribute only  
marginally to metal sorption, since the metal complexation capacity of environmental 
particles is inversely related to their size (Buffle, 1988; Duursma and Carroll, 1996). 
Douglas et al. (1993) and Douglas et al. (1999) report decreasing concentrations of particle 
bound Cu and Zn with increasing particle size (range 0.003 - > 25 µm), in agreement with 
theoretical expectations. However, the averaged metal concentration over the total 
suspended particulate matter (range 0.003 - 1000 µm) is comparable to that measured in 
the 0.2-1 µm fraction, suggesting that this fraction may be of pre-eminent importance in 
controlling the transport of Cu and Zn under field conditions. Furthermore, other recent 
findings suggest that the actual environmental relevance of prefiltration at 0.45 or 0.22 µm 
in studies on trace metal partitioning in lotic freshwaters should be reconsidered since:  
a) polydisperse natural colloidal suspensions are subject to homo- and 
heteroaggregation which result in aggregates where “highly complexation 
capacity” small particles are adsorbed onto larger ones (Wilkinson et al., 1997; 
Buffle et al., 1998). 
b) colloidal particles in the range 0.1-1 µm are rapidly formed from smaller 
colloids in natural systems and remain stable in suspension over periods of 
hours to days (i.e. corresponding to particle residence times in many rivers) 
without being removed by sedimentation (Filella and Buffle, 1993). 
c) the ultimate size of colloidal particles which may form a stable suspension in 
aquatic systems is a function of total suspended particulate matter (SPM) 
concentration (Gustafsson and Gschwend, 1997).  
                                                             
3 Results presented in this section have been published in Vignati and Dominik (2003). 
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Finally, in contrast with previous studies, Lead et al. (1999) showed that the binding of 
Cd and Cu per unit mass of SPM collected from the Mersey river (UK) did not 
significantly vary for particles between 0.05-0.5 µm, 0.5-1.0 µm, and > 1.0 µm. As to 
major elements, important quantities of Al and Fe also seem to be associated with particles 
in the range 0.4-1 µm for some U.S.A. rivers (Morrison and Benoit, 2001) or 0.2-1 µm for 
some Australian rivers (Douglas et al., 1993; 1999). 
In this section, the role of coarse colloids (normally retained on 0.45 µm filters and 
thus usually included in the particulate fraction) as carrier for trace metals is analysed for 
samples BF, PDS, GC, VE, NA, Po, D (March 2001 only) and MA (see table 3.2 for 
sample codes and refer to the glossary for the definitions of the different fractions in the 
following text). 
 
5.3.2. Methods 
Single instantaneous raw surface water samples (2 L) were collected following the 
ultra-clean procedures described in chapter 4. Cascade filtration was performed through 
1.2 µm and 0.45 µm (nominal pore size) Durapore® filters (diameter = 47 mm) in order to 
isolate coarse colloids from the traditional operationally defined total dissolved fraction of 
less than 0.45 µm. All filters were washed as described in § 4.1.1. With the exception of 
the samples from PDS (single measurement), three replicates were run for each sample. All 
filtrations were performed at a pressure of 15 kPa and the initial water volume to filter 
through 1.2 µm membranes varied from 50 to 300 mL following visual estimation of 
suspended matter concentration. Use of 0.45 µm filters for gravimetric determination of 
the concentrations of coarse colloids was not possible since, with the exception of site BF, 
differences in filter weight before and after filtration were within the weighing error. 
An independent determination of Durapore® filters’ cut-off was performed with the 
Single Particle Counter (SPC) on a sample of the Versoix  river with 12 mg L-1 of total 
SPM.  
Trace metal analysis was performed as described in chapter 4. Metals associated with 
coarse colloids were estimated by differences in metal concentrations between 1.2 µm and 
1.2 + 0.45 µm filtrates. All errors were propagated (Miller and Miller, 1993) to avoid 
erroneous conclusions when differences between the two filtered aliquots fell just above 
the corresponding analytical standard deviations. 
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5.3.3. Comparative evaluation of filters performance 
Figure 5.4a shows that both 1.2 and 0.45 µm filters retain also a part of particles much 
smaller than the specified manufacturer cut-off. However (figure 5.4b), particles between 
0.45 and 1.2 µm still constitute about 30% of the total mass (and 30% of the total particle 
number) after filtration at 1.2 µm and are completely removed only by 0.45 µm 
membranes. For mass estimation, particles were considered to be spherical and of constant 
density through the assumed size range. Note that particles larger than 1.2 µm also 
contribute to 30% of the total mass after filtration at 1.2 µm, but constitute less than 1% of 
the total particle number. The use of Durapore® membranes appears therefore suitable for 
estimation of the metal fraction associated with coarse colloids. Screen type filter would 
almost certainly offer a better defined cut-off, but would also have suffered from 
significant degree of clogging in many of the systems examined in the present study (see 
SPM concentrations in appendix 1). 
The relative percentages of Al, Co, Cr, Cu, Fe, Mn, Ni, Pb, Ti, U, V and Zn in coarse 
colloids and in the total dissolved fraction are plotted in Figure 5.5. As for section 5.2, Fe 
was assayed using the minor isotope 57Fe in order to qualitatively estimate the difference 
between 1.2 and 0.45 µm filtrates and hence the % Fe associated with coarse colloids. 
Considering the very different typologies of the rivers examined in this study, the 
importance of coarse colloids as a carrier phase for trace metals appears nearly ubiquitous 
for Al, Ti, and Pb. Note that even when Pb concentrations in the 1.2 µm filtrates were close 
to the detection limit (bars lacking in figure 5.5), a qualitative difference with the 1.2 + 
0.45 filtrates could still be observed. For the other elements, transport by coarse colloids 
appears generally negligible for U and system dependent for Cr, Co, Cu, Fe, Mn, Ni, V, 
and Zn. The observed differences in the degree of element association with coarse colloids 
can arise from both element specific factors (i.e. formation of insoluble phases, 
complexation with inorganic and/or organic ligands) and general factors influencing 
colloidal mass and stability (i.e. SPM concentration, basin geology and degree of 
anthropogenic pressure, pH etc.). The former issues are discussed in some detail in chapter 
6 and in Vignati and Dominik (2003) to which the interested reader is kindly referred to. 
The main conclusion regarding the latter issue are presented below. 
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Figure 5.4. Determination of Durapore® filters cut-offs by Single Particle Counter measurements for a water 
sample of the Versoix river. A: Comparison of particle number (size range 0.2-2µm) for a water sample 
before and after filtration through 1.2 µm and 1.2+0.45 µm membranes. Concentration of suspended 
particulate matter (retained on 1.2 µm membranes) was 12 mg L-1. Dashed vertical lines correspond to filters' 
cut-off of 0.45 and 1.2 µm. B: Cumulative mass of particles remaining in suspension after filtration trough 
1.2 µm and 1.2+0.45 µm membranes. The square delimited by the intersection of the dashed lines indicates 
the % of mass for the size range 0.45-1.2 µm. Each point on the graph represents the upper limit of the 
corresponding size interval. For example, the percentage of particles in the size interval 0.2-0.3µm after 
filtration at 1.2 µm is given by the co-ordinates (x, y) 0.3µm, 16.5%; i.e. first point on the left of the 1.2 
cumulative mass line.   
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Figure 5.5. Percentage of metals associated with coarse colloids (0.45-1.2 µm, black bars) and with the total 
dissolved fraction (< 0.45 µm, light grey bars) in water samples from the various locations. Solid horizontal 
black lines indicate the average propagated error on the differences between metal concentrations in the 1.2 
µm vs. 1.2 + 0.45 µm filtered waters. 
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Figure 5.5. continued. 
 
5.3.4. Implications and recommendations 
The results of this section strongly suggest that studies on metal partitioning should not 
neglect the role of coarse colloids as trace metal carriers. Although cellulose based 
Durapore® filters were employed instead of the more precise polycarbonate ones, 
measurement of particle number by the Single Particle Counter (Fig. 5.4) seems to confirm 
that an important quantity of colloidal material between 0.45-1.2 µm still remain in 
suspension after filtration through 1.2 µm (nominal pore-size) filters. Considering that this 
effect was observed for a sample with 12 mg L-1 total SPM, larger quantities of coarse 
colloids should be present at higher SPM concentration given the general positive 
relationship between SPM and colloidal mass (Honeyman and Santschi, 1989). In the case 
of Al, Ti, Pb and Cr setting the particulate-colloidal boundary at 1.2 µm instead of 0.45 µm 
may actually more than double the concentrations of total filterable, partly colloidally-
bound, elements. The specific observations for Al are particularly relevant for rivers 
impacted by acid mine drainage where Al partitioning changes markedly in response to pH 
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fluctuations in the range from 3 to 7 pH units (e.g. Schemel et al., 2000). In this study we 
have examined a few systems with different hydrochemical characteristics, but similar 
investigations should clearly be conducted within individual systems to evaluate the role of 
coarse colloids as a function of the hydrological regime which has a well documented 
effect on metal partitioning (Benoit and Rozan, 1999). 
 
5.4. Biomimetic approach 
 
5.4.1. Preliminary tests 
PDS2 and MA2 samples were selected as representative of relatively unpolluted and 
heavily polluted environments respectively. The preliminary tests (Table 5.2) showed that: 
- sediment exposure to synthetic BSA could effectively solubilise a measurable 
fraction of some particulate bound metals, 
- solubilisation from NaCl present in the BSA matrix could occur, but the 
additional effect of AA contained in the BSA was well evident at the 1:5 
dilution 
- the % of metal released by BSA (1:5) treatment was generally small (i.e. 
between 1 and 5%) with respect to the total elemental content except for Cd and 
Cu at PDS2 (42% and 27% of the total) and Ni at MA2 (32%) 
- the percentage of metal released by the biomimetic attack does not seem to be 
proportional to the total metal content 
 
Table 5.2. Comparison of particulate metal concentration determined after total digestion and after 
biomimetic extraction for one mineral (PDS2) and one organic (MA2) sample. Biomimetic results refer to 
extraction with BSA 1:5. Concentrations are given in µg g-1 dry weight.  % BSA = percentage metal 
extracted with BSA 1:5 with respect to the total content.  
n.d. = not detectable, n.a. = not applicable. 
 
 PDS2 MA2 
 Total BSA % BSA Total BSA % BSA 
Cr 139 0.217 0.2 1952 2.44 0.1 
Mn 820 23.8 2.9 300 2.56 0.9 
Co 16.5 0.17 1.0 9.44 0.27 2.9 
Ni 99 1.31 1.3 83.2 26.8 32.2 
Cu 26.8 7.3 27.2 343 2.9 0.8 
Zn 102 2.9 2.8 689 18.7 2.7 
As 9 n.d. n.a. 9.2 n.d. n.a. 
Cd 0.214 0.089 41.6 2.81 0.005 0.2 
Pb 27.2 0.0725 0.3 272 0.171 0.1 
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5.4.2. Extraction with Arenicola marina gut juices 
Since the juices are extracted from living animals, they may contain metals (along with 
organic matter and other contaminants) which have been solubilised in the animal gut 
during the feeding process. Analysis of the Arenicola juices provided for extraction 
revealed significant amounts of many trace elements of interest (Table 5.3). After this 
"background level correction", only Mn, Co, and Ni appeared to be mobilised to a 
significant extent in the majority of samples (Table 5.3). 
 
Table 5.3. Percentage mobilisation (with respect to total metal content, see chapter 6) of selected elements 
from SPM samples after 24 hours incubation with undiluted A. marina gut juices. The elemental content (µg 
L-1) of the juices before incubation is given in the column "Arenicola", n = 3. 
n.d. = not determined 
 
 Arenicola Po1 Po2 Po3 V1 V2 V3 V4 MA1 MA2 MA3 Ma4 
Al 1.3 ± 0.12 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 1.7 1.5 1.6 
Ti 0.28 ± 0.04 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Cr 0.69 ± 0.18 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.028 < 0.1 < 0.1 0.15 < 0.1 
Mn 5.4 ± 0.2 7.3 9.5 7.6 9.9 8.1 3.9 5.6 0.27 0.57 3.6 2.0 
Co 0.74 ± 0.04 2.9 3.5 1.4 0.28 0.56 2.0 2.2 < 0.1 1.9 3.9 1.8 
Ni 2.7 ± 0.14 1.4 1.5 6.5 1.3 1.4 4.3 3.3 < 0.1 12.2 6.3 8.4 
Cu 10.9 ± 0.8 3.0 1.6 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.12 < 0.1 < 0.1 
Zn 17.3 ± 1.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.51 < 0.1 0.11 0.15 < 0.1 
As 11.2 ± 0.4 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Cd 0.023 ± 0.001 0.69 0.22 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.18 < 0.1 < 0.1 
Pb 0.072 ± 0.011 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
 
Finally, a comparison between Arenicola juices and BSA (1:5) as perspective 
biological extractants for particulate metals was performed for wet SPM samples from the 
sites Po1, Po2 and Po3. Arenicola juices constantly extracted higher percentages of Mn, 
Co, and Ni (Fig. 5.6), in agreement with the association of Co and Ni with Mn oxides 
(Marshall and Fairbridges, 1999). At present, the exact reason for this more effective 
extraction remains unknown. As to other elements, the two "reagents" have quite similar 
strength as to metal mobilisation, although high background Zn levels in the Arenicola 
juices masked the possible metal extraction effect. The use of BSA to perform biomimetic 
extractions from suspended and bed sediments collected in freshwater environments seems 
therefore feasible. An adequate strategy for future research should possibly aim at a careful 
characterisation of the AA content in the gut juices of a few relevant freshwater species. 
Once acquired, this knowledge can be used to choose the optimal dilution of synthetic 
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Figure 5.6. Comparative efficiency of diluted (1:5) BSA (black circles) and Arenicola marina gut juices 
(open circles) for metal extraction from samples Po1, Po2, and Po3. Values are expressed as percentage 
metal extracted by the treatment with respect to metal content determined by HNO3 leaching. Note the 
logarithmic scale on the y axis. Missing point indicate that no metal mobilisation was measurable following 
exposure to the extractant. Vertical bars (not always visible on graphs) indicate 1 standard deviation.  
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Chapter 6: Element distribution 
 
This chapter comments on the elemental distribution between the particulate, filterable, 
colloidal and truly dissolved phases. The full array of results for the 23 samples which 
were subject to complete fractionation through prefiltration at 1.2µm followed by TFF at 
10 kDa and 1 kDa cartridges is given in appendix 4. The chapter is organised into 3 main 
sections: 
a) organic carbon and element distribution among size fractions  
b) organic carbon and element behaviour during mixing of different water masses 
(i.e. confluence between a river and a polluted tributary) 
c)  element depth profiles (see Table 3.2) in the Czorsztyn reservoir 
 
6.1. Organic carbon and element distribution among size fractions 
6.1.1. Introduction 
In this section, the results of sample fractionation for the Dunajec/Czorsztyn, Lambro-
Po, Vistula, Sebou and Lake Geneva systems are presented and discussed in relation to the 
various factors (e.g. pH, conductivity and dissolved oxygen) which contribute to determine 
the observed distributions.  
The abbreviations and the corresponding meaning for the various fractions are given in 
the glossary (page XXXVIII).  
Note that the LMW colloidal fraction could be calculated only if acceptable mass 
balances are obtained for both cartridges. When this was not the case (Fig. 4.2 and 
appendix 4), either only the HMW fraction (i.e. bad mass balance for the 1kDa cartridge) 
or the total colloidal fraction (i.e. bad mass balance for the 10kDa cartridge) could be 
computed. In few cases, no acceptable mass balances were obtained for either of the 
cartridges and results have been omitted. Furthermore, total filterable metal concentrations 
differed markedly in some replicates of prefiltered (1.2µm) waters (notably for samples 
V2, V3 and MA3); which can affect the estimation of the LMW elemental fraction. In 
these cases, the sum of the percentage metal in HMW colloids + LMW colloids was 
compared with the percentage metal in total colloids. Calculation of the LMW fraction was 
considered acceptable only if the 2 methods of calculation yielded similar results (i.e. the 
two figures overlapped within their corresponding standard deviations); otherwise only 
total colloidal concentrations have been used for discussion.  
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6.1.2 Organic carbon 
Total filterable organic carbon (OC) concentrations (Table 3.1 and appendix 2) vary 
from less than 1 mg L-1 in Lake Geneva to almost 100 mg L-1 in the stream Fez (site MA4).  
In general, more that 50% OC is transported in the truly dissolved phase, but 
differences exist among the sampling sites with respect to OC distribution in the colloidal 
fractions (Fig. 6.1a). HMW OC predominates over the LMW fraction at sites Po1, V4, D5, 
D6, MA1, MA2, D8, and D9; while the opposite situation occurs at sites Po2, D2 and D3. 
At the remaining sampling locations (Po3, V3, MA3, MA4, Lem1, Lem2, Lem3, and 
Lem4), OC is rather evenly distributed between the HMW and LMW fractions.  
Results of TFF alone cannot offer an univocal explanation for these patterns. The 
occurrence of organic coatings on other, generally coarser, mineral colloids is a well 
documented phenomenon (Warren and Haak, 2001; Town and Filella, 2002a) and, in these 
cases, sample fractionation by TFF would obviously isolate a part of organic carbon along 
with the larger inorganic colloids. HMW colloidal OC has also been reported in various 
studies (e.g. Eyrolle et al., 1996; Porcelli et al., 1997; Pokrovsky and Schott, 2002; 
Benedetti et al., 2003). A significant correlation (p < 0.01) is actually observed between 
total filterable Fe and OC, suggesting both the presence of organic coatings on larger 
inorganic aggregates and, possibly, a partly pedogenic origin of organic matter. The same 
phenomenon can also arise from the trapping of Fe oxides particles by organic fibers, as 
shown by the examination of TEM images by various research groups (e.g. Perret et al., 
1994; Santschi et al., 1998). However, the correlation between Fe and OC disappears in the 
total colloidal fraction suggesting different partitioning processes for the two components 
and because of the presence of OC anthropogenic inputs at some sites.  
In the Lambro-Po system, the OC distribution at site Po2 is known to be influenced by 
the immission of river Lambro waters (Pettine et al., 1996), which may account for the 
difference between sites Po1 and Po2 ( Fig. 6.1a). Note however that, as to site Po1, an 
unacceptable OC mass balance was obtained for the 1kDa cartridge (appendix 2), which 
prevents the estimation of LMW OC at this location. Site Po3 receives inputs of untreated 
sewage (approx. 2,500,000 population equivalents) from a part of the metropolitan area of 
Milan. This sewage is mainly of residential origin (Barbiero and Giuliano, 1997) and can 
carry an array of LMW organic molecules originating from human metabolism and other 
degradation products. At the time of writing, one of the 3 planned waste water treatment 
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plants (Nosedo, approx. 700,000 population equiv.) has come into service, but no waste 
water treatment plant was operating at the time of sampling (July, 2001).  
Samples D2 and D3 were collected in the river Dunajec downstream of an area hosting 
numerous small tanneries (Szalinska et al., 2003), which can reject large amounts of 
organic proteinaceous material during the working process. According to Buffle (1988), 
the molecular weight of proteinaceous matter is less than 10kDa. LMW organic colloids 
may originate from similar (MA3 and MA4) or other (V3) anthropogenic sources. The 
presence of LMW OC at the other sites may be connected with algal and bacterial exudates 
(samples from the Geneva Lake; Lem sites) or with some fractions of the pedogenic 
organic matter. In particular, the latter covers a rather wide range of molecular weights 
(Buffle, 1988; Chin et al., 1994; Cabaniss et al., 2000) and can well account for the 
observed presence of LMW OC in the various samples. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1a. Percentage organic carbon distribution between truly dissolved (white), HMW (diagonal bars) 
and LMW (dotted) colloidal phases at the various sampling locations. Missing bars indicate unacceptable 
TFF mass balances which prevented proper apportionment of OC among the three phases (see appendix 2). 
Site Po1 and V4: LMW fraction is missing because of bad mass balances for the 1kDa cartridge. 
 
6.1.3. Terrigenous elements (Al, Ti) 
Significant losses for the 1kDa cartridge (Fig. 4.2 and appendix 4) restricted the 
number of samples for which these elements could be properly apportioned between HMW 
and LMW colloids.  
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Within these limitations, colloidal Al seems to prefer the HMW fraction (samples Po3, 
V2, V3, V4, MA3, MA4; Fig. 6.1b), in agreement with its presence in colloidal clays 
whose dimensions generally fall in the upper part of the colloidal size spectrum (Fig. 1.3). 
The presence of LMW colloidal Al at sites V3 and M4 possibly derives from the 
occurrence of pure mineral phases such as gibbsite (Al2O3*3H2O), boehmite (g-AlOOH), 
and diaspore (a-AlOOH). The size of these minerals can be small enough to pass through 
the 10kDa TFF cartridge. Pokrovsky and Schott (2002) report an association of Al with Fe 
colloids for a number of boreal rivers. This association is not observed in our samples 
probably because of the bigger heterogeneity of our sampling sites compared with the 
study of Pokrovsky and Schott (2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1b. Percentage distributions of Al and Ti between the truly dissolved (white), HMW colloidal 
(diagonal fill) and LMW colloidal (dotted) phases. Black bars indicate the total colloidal phase (1.2µm - 
1kDa) which was used when computation of the HMW fraction was not possible (see § 6.1.1). 
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Colloidal Ti also shows a tendency to associate with HMW (samples Po2, Po3, V4, 
MA3, 12D) following its presence in clay minerals. Nonetheless, LMW and HMW 
colloidal Ti have almost equal abundance at site MA4, most likely because of the presence 
of titanium oxides (TiO2) which can be used as white pigments (Marshall and Fairbridge, 
1999) by the local tannery industry.  
The concentration ranges of Al and Ti spanned in the present study generally cover the 
literature values with the exception of the very high Al concentrations found in tropical 
rivers (Table 6.1). However, a comparison with published data (Table 6.1) is not 
straightforward since most studies used prefiltration at 0.45µm or 0.22µm; which can 
considerably lower the colloidal concentrations of these metals with respect to the 
prefiltration at 1.2µm which was used in the present study (section 5.3 and Vignati and 
Dominik, 2003).  
The percentage colloidal fraction of Al and Ti found in this study are in the medium-
upper range of the literature values (Table 6.1) suggesting that our “extra filterable element 
concentrations” (up to over 50% compared with filtration at 0.45µm; Vignati and Dominik, 
2003) is generally included in the HMW colloidal pool during the following TFF 
fractionation. Note, however, that the lowest percentage colloidal Al concentrations in 
table 6.1 are generally reported for marine waters (not examined in the present study), in 
agreement with the reduced influence of terrigenous inputs at off-shore sites. Acid mine 
drainage can have very marked effects on Al distribution among the different fractions. 
According to Schemel et al. (2000), truly dissolved Al (defined as 10kDa by these authors) 
predominates in very acidic waters (pH < 4); while variable percentages (0-75%) of 
colloidal Al can be found at higher pH values (> 6). Finally, with respect to Ti, Pokrovsky 
and Schott (2002) report a predominance of colloidal Ti (50 - 90% of the total filterable 
fraction, defined as < 0.8 µm) in reasonable agreement with our observations. 
 
6.1.4. Fe, Mn, and trace metals (Cd, Co, Cu, Ni, Pb, Zn) 
These elements are the most well studied with regard to partitioning between colloids 
and true solution. At present, there is a rather widespread evidence for the existence of 
colloidal pools of these elements in the total filterable phase (< 0.45 / 0.22 µm in most 
studies, see table 1.3), although some experimental fluctuations can arise from the use of 
different TFF membranes (see Buesseler, 1996).  
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Table 6.1. Total filterable concentration ranges (µg L-1) and percentage colloidal fractions (% colloids) of Al 
and Ti in selected literature studies and for the sampling sites. The literature cited is intended for 
exemplification purposes and does not claim to be exhaustive. When possible, preference has been given to 
study dealing with freshwater systems. 
 
 Literature studies This study 
 Conc. range % colloids Colloidal range Reference Conc. range % colloids 
Al 30.8 - 55.0 
2.4 - 20.2 
12.4 - 23.7 
0.27 - 5.67 
164 - 380 
50 - 200 
< 60 
2.9 -78.4 
991 
15-652 
3-93 
0.1 - 2.83 
0 - 381 
80 - 901 
30 - 701 
8 - 931* 
0.2µm-10 kDa 
 
 
0.45µm-10 kDa 
0.45µm-5 kDa 
0.8µm-1 kDa 
0.8µm-1 kDa 
0.22 µm-5 kDa 
A 
 
 
B 
C 
D 
 
E 
1.5 - 66 28 -96 
 0.6-193 0 - 751 0.45 µm - 10 kDa F   
Ti 0.2 - 4 50 - 90 0.8 µm - 1kDa D 0.05 - 3 28 - 70 
1 riverine waters, 2 estuarine waters, 3 marine waters, * Amazon 
A: Sanudo-Wilhelmy et al. (1996); B: Moran and Moore (1989); C: Eyrolle et al. (1996); D: Pokrovsky and 
Schott (2002); E: Benedetti et al. (2003); F: Schemel et al. (2000) 
 
To date most studies still deal with marine / estuarine systems (e.g. Benoit et al., 1994; 
Dai et al., 1995; Martin et al., 1995; Buesseler, 1996; Moran et al., 1996; Sanudo-
Wilhelmy et al., 1996; Greenamoyer and Moran, 1997; Kraepiel et al., 1997; Camusso et 
al. 1998; Wells et al., 1998; Wells et al., 2000; Wen et al., 1999; Tang et al., 2002), but the 
number of investigations in freshwater environments is increasing (Jaïry et al.; 1997; 
Benoit and Rozan, 1999; Sigg et al., 2000; Pokrovsky and Schott, 2002; Benedetti et al., 
2003; Guéguen and Dominik, 2003; Gundersen and Steinnes, 2003; Vignati et al., 2004). 
Furthermore, a good number of the estuarine studies include a riverine end member at zero 
salinity, which can be used for comparison purposes with this work. 
In the present study, a certain predominance of the HMW over the LMW fraction was 
observed for Fe and Mn, while the other trace metals (except Cd and Pb, see below) were 
rather uniformly distributed between the two fractions (Fig. 6.1c).  
Significant correlation (p < 0.01) was found between the percentages of total colloidal 
Fe, Cu, Ni, and (p < 0.1) Zn, in agreement with the known role of Fe oxides as carriers for 
trace elements (Tessier et al., 1985; 1996). On the other hand, no correlation was observed 
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between trace metals and NOM, which is thought to have higher complexation capacity 
than Fe oxides for many elements (Warren and Haak, 2001; Town and Filella, 2002a). This 
lack of correlation probably arises from the fact that not all the organic components 
participate equally in metal partitioning. Recent research points out that metal partitioning 
may be governed by the presence of a continuous size spectrum of ligands of various 
nature (Tang et al., 2002; Pokrovsky and Schott, 2002). As already said, TFF can "see" 
only the final physical outcome of this vast array of chemical interactions. Routine 
methods for a more thorough characterisation of organic matter (besides measurement of 
total DOC, COC and UOC) appear to be needed to elucidate these important aspects 
(Sigleo and Helz, 1981; Sigleo and Means, 1990). 
Cd concentrations were below detection limit in the majority of samples and 
acceptable mass balance could be established only for V3, V4 and Po3. The percentage Cd 
in the HMW colloids was 9, 21, and 74% at sites V3, V4 and Po3 respectively; while no 
LMW Cd was found. Cadmium concentrations clearly indicate anthropogenic 
contamination due to inputs of raw sewage (Po3) and to the presence of Cd as an impurity 
in Zn ores at V3 and V4 (Bolewski and Manecki, 1993). 
Pb behaviour deviates from the general pattern of the other trace metals since it has 
much higher colloidal pools (Fig. 6.1c). The strong association of Pb with colloids has 
been thoroughly documented by Benoit (1995) who concluded that “…truly dissolved Pb, 
the bioavailable, reactive form, is an extremely small fraction of total measured Pb”. In 
general it is accepted that the concentration of total filterable Pb in surface water are lower 
than expected due to different mechanisms such as strong adsorption onto clays and Al, Fe, 
and Mn oxy-hydroxides (Marshall and Fairbridges, 1999), co-precipitation with carbonates 
in lakes (Salomons and Förstner, 1984) and formation of insoluble hydroxides (Stumm and 
Morgan, 1996). Similar mechanism can be invoked to explain the very low truly dissolved 
Pb concentrations. Furthermore, Vignati and Dominik (2003) showed a correlation 
between Al and Pb for a number of contrasting river, suggesting that a fraction of total 
filterable Pb may also be included in the lattice of clays (see also chapter 5). The available 
TFF data (Pb concentrations were often below detection limit and problems were 
encountered with the 1kDa cartridge) also point to a certain degree of correlation 
(Spearman R = 0.59, p = 0.12) between Fe and Pb in the colloidal fraction (see section 
6.1.2). 
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Table 6.2. Total filterable concentration ranges (µg L-1) and percentage colloidal fractions (% colloids) of Cd, 
Co, Cu, Fe, Mn, Ni, Pb, and Zn in selected literature studies and for the sampling sites. The literature cited is 
intended for exemplification purposes and does not claim to be exhaustive. When possible, preference has 
been given to study dealing with freshwater systems. 
 
 Literature studies This study 
 Conc. range % colloids Colloidal range Reference Conc. range % colloids 
Cd 0.04 
0.60-0.70 
601 
3 - 81 
0.40µm-10kDa 
1.2µm-1kDa 
A 
B 
0.01 - 0.17
  
9 - 75* 
Co 0.25-3.03 
0.06-0.180 
1 - 101 
5 - 101 
1.2µm-1kDa 
0.45µm-10kDa 
B 
C 
0.04 - 1.0 1 - 6 
Cu 0.9 
2.2 - 92.9 
0.45 - 1.52 
0.11 - 3.68 
1.26 - 2.65 
0.45 - 0.47 
411 
0 - 501 
5 - 301 
0 - 351 
19 - 611 
9 - 861 
0.40µm-10kDa 
1.2µm-1kDa 
0.45µm-10kDa 
0.22µm-5kDa 
0.22µm-10kDa 
1.2µm-1kDa 
A 
B 
C 
D 
E 
F 
0.9 - 39 1 -64 
Fe 2.85 
1.48 - 35.8 
30 - 65 
691 
9 - 941 
2 - 501 
0.40µm-10kDa 
0.22µm-5kDa 
1.2µm-1kDa 
A 
D 
F 
n.a.# 5 - 62 
Mn 1.33 
5.8 - 600 
9.1 - 28.3 
0.53 - 5.16 
51 
1 - 41 
6 - 971 
20 - 501 
0.40µm-10kDa 
1.2µm-1kDa 
0.22µm-10kDa 
1.2µm-1kDa 
A 
B 
E 
F 
0.7 - 250 1 - 38 
Ni 0.41 
0.29 - 0.76 
331 
1 - 121 
0.4µm-10kDa 
0.45µm-10kDa 
A 
C 
0.9 - 10.3 6 - 60 
Pb 0.021 - 0.081 
0.008 - 0.065 
0.006 - 0.055 
0.019 - 0.158 
0.010 - 0.222 
19-373 
12 - 531,2,3 
52 -841,2,3 
52 - 881,2,3 
3 - 941,2 
0.45 µm - 1kDa 
0.45µm - 1kDa 
 
 
0.4µm-10kDa 
G 
H 
H 
H 
I 
0.05 - 1.4 40 -83 
Zn 0.19 
16.2 - 169 
0.49 - 0.83 
351 
1 - 101 
26 - 671 
0.4µm-10kDa 
1.2µm-1kDa 
1.2µm-1kDa 
A 
B 
F 
1 - 130 4 - 66 
A: Kraepiel et al. (1997); B: Guéguen and Dominik (2003); C: Sigg et al. (2000); D: Benedetti et al. (2003); 
E: Jaïry et al. (1999); F: Guéguen (2001); G: Camusso et al. (1998); H: Wen et al. (1999); I: Martin et al. 
(1995). 
1 riverine waters, 2 estuarine waters, 3 marine waters   
*: 3Po, V3 and V4 results only; #: our results are not directly comparable with literature values because of 
interference in measurement of Fe by ICP-MS (§ 4.4.1). 
 
The observed variability of the percentage of Fe, Mn, and trace metals associated with 
colloids for both literature results and the present study (Fig. 6.1c and Table 6.2) suggests 
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that, besides specific elemental properties, various environmental factors (e.g. pH, 
conductivity, and percentage oxygen saturation) play a role in establishing the observed 
distributions.  
For example, the very low colloidal metal pools at sites V3 and V4 are possibly linked 
to the high conductivity of Vistula waters at these locations. High conductivity enhances 
both metal desorption from colloids and aggregation of the colloids themselves, thus 
reducing the mass of colloidal material available for metal complexation. This latter 
hypothesis is supported by SPC measurements (Rossé, unpublished data), on the basis of 
which the volume of colloidal material at site V3 would be one order of magnitude lower 
than at sites V1 and V2 in spite of a mere 2-fold difference in SPM concentrations (see 
appendix 1). Considering that sites V1, V2, and V3 were sampled under high flow 
conditions, the measurements performed in this study may actually represent maxima of 
the colloidal pools in the Vistula system. The water conductivity in the Vistula river seems 
in fact to be greatly reduced during floods. For example, for site V3 at low flow, Guéguen 
and Dominik (2003) report a value of approx. 3800 µS cm-1; almost 4 times higher than the 
corresponding one of 1005 µS cm-1 measured in this study at high flow. 
The absence of colloidal Mn at sites Po3, MA2, and MA4 follows from the occurrence 
of suboxic-anoxic conditions, which favour the formation of soluble Mn2+ species at these 
sites. On the other hand, colloidal Mn is present at site MA3 where anoxic conditions also 
occur. In this case, the strong soil erosion (high SPM and absence of bed sediments) may 
provide sufficient soil-derived colloidal Mn (colloidal mass is directly proportional to 
SPM, e.g. Honeyman and Santschi, 1989) to keep up with the kinetic of Mn dissolution. 
Note however that the occurrence of colloidal Mn in sample MA3 may also be an artefact 
caused by oxidation of sample MA3 during the ultrafiltration process.  
Large (30-50%) HMW colloidal Mn pools are present in samples D1, Lem1 and 
Lem4. In sample D1 (Czorsztyn reservoir), allochthonous influences from the Dunajec 
river may contribute to the observed pattern since river waters flow at the reservoir surface 
during the early spring snowmelt. However, in situ precipitation of Mn oxides is also 
possible since, during very cold winters such as 2001 and 2003, the reservoir may be under 
complete ice cover for considerable periods of time. In such situations, suboxic conditions 
can develop at the reservoir bottom and reduced Mn may diffuse from sediments into the 
water column where it can re-precipitate under the form colloidal of Mn oxides. 
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Allochthonous influences are less likely for samples Lem1 and Lem4 which were collected 
in the central zone of the Geneva Lake during different phases of planktonic blooms. 
Based on all data, a significant correlation (p < 0.05) existed between COC and Mn in 
the total colloidal fraction but not in the total filterable phase, suggesting a role of 
biological factors in controlling the occurrence of colloidal Mn. Note that, under the anoxic 
conditions prevailing at sites MA2, MA3, and MA4, the formation of colloidal insoluble 
sulfur species is also possible and many elements show the maximum degree of association 
with colloids at these sites. 
 
 
  
Figure 6.1c. Percentage distributions of Co, Cu, Ni, Zn, Fe, Mn and Pb between the truly dissolved (white), HMW colloidal (diagonal fill) and LMW colloidal (dotted) phase. 
Black bars indicate the total colloidal phase (1.2µm - 1kDa) which was used when computation of the HMW fraction was not possible (see § 6.1.1). 
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Figure 6.1c. (continued) 
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6.1.5. Oxyanions (As, Mo, Sb, V, U) 
These elements generally have a relatively small total colloidal pool (< 10 - 15 % of 
the total filterable concentration), in agreement with their occurrence as anionic negatively 
charged species (HAsO42-, MoO42-, Sb(OH)6-, HVO42- and HVO4-) or negatively charged 
carbonated complexes (UO2(CO3)22- and UO2(CO3)34-) in waters having circumneutral pH 
(Stumm and Morgan, 1996; Filella et al., 2002a, b). Exceptions to this general pattern are 
found in the Sebou system (MA1, MA3, MA4) for all elements, in the Dunajec river (D2, 
D3) for As, V and, to a lesser extent, U, and in the Vistula river (V1 and V2) only for 
vanadium.  
In the Sebou system, an important distinction must be made between site MA1, which 
has oxic waters and is relatively unimpacted by human activities, and sites MA3 and MA4 
which have fully anoxic waters and high degree of anthropogenic impact.  
At site MA1, the observed situation can result from the presence of an heterogeneous 
pool of Fe hydroxides. The point of zero charge for some amorphous Fe hydroxides is 
between 8.5 and 8.8 pH units (Langmuir, 1997) and, at site MA1, such hydroxides may 
then represent positively charged ligands to which the oxyanions can adsorb. 
At sites MA3 and MA4, these elements possibly occur in their reduced form, although 
significant deviations from thermodynamic equilibrium are often observed for the couples 
As(V)/As(III) (Pettine et al., 1992) and Sb(V)/Sb(III) (Filella et al., 2002a, b). Both As(III) 
and Sb(III) are known to form neutral hydroxides, which can then adsorb on negatively 
charged organic ligands via mechanisms other than electrostatic interactions. The reduced 
U(IV) can also occur as neutral hydroxide complexes or form insoluble oxides. Other 
factors likely to increase the percentage fraction of colloidal "oxyanions" at these sites 
include the discharge from tanneries of large quantities of colloidal organic material 
(mainly proteins and their degradation products), to which anionic complexes may bind, 
and the possible formation of insoluble sulphides minerals. 
If such a framework applies, the absence of colloidal elements at site MA2 (also 
anoxic and impacted by tannery wastewater) becomes unexpected. This site can actually be 
seen as a sort of natural-scale waste water treatment plant where the river Sebou is 
recovering from the strong inputs of organic matter and metals received from the river Fez 
a few km upstream (see § 3.2.4). The pattern observed at site MA2 may possibly follow 
from the joint occurrence of coagulation of colloids and element release to the truly 
dissolved from bed sediments (see also section 6.2), where fully reducing conditions are 
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very likely to be present. The release of gaseous products from the water column to the 
atmosphere could actually be visually observed at this site (see picture in appendix 5) and 
would support this latter hypothesis. On the other hand, the hypothesis of colloidal 
coagulation requires further investigation (see § 6.2.3 and Fig. 6.3).  
With regard to the apportionment of oxyanions between LMW and HMW colloidal 
fractions, the former show a tendency to predominate over the latter with some noticeable 
exceptions for As and V (Fig. 6.1d). Higher quantities of As and V in the HMW fraction 
occur at those sites characterised by the presence of peculiar rock formations (e.g. shale 
and ultramafic rocks, see also chapter 3) rich in As and V. It is likely that the increased 
importance of As and V HMW colloidal fraction derives from the erosion of such rocks.  
Comparison with literature results is limited by the relative paucity of studies on the 
partitioning of oxyanions, with U being the most studied element (e.g. Swarzenski et al., 
1995; Porcelli et al., 1997; Andersson et al., 2001). The U pattern, emerging from the cited 
literature studies, indicates the presence of large colloidal U pools in organic-rich rivers 
(up to 80-90% of the total filterable concentration; normally < 0.45 µm - see Table 1.3) 
and the predominance of truly dissolved U in carbonate rivers. Both observations conform 
to the results presented in Fig. 6.1d. 
As to the other elements, Bertine and VernonClark (1996) characterised marine 
colloidal material for many elements including As, Mo, U and V. Direct calculation of the 
% colloidal pools for this study is not possible, since no measurements of total filterable 
and/or truly dissolved values was included. These authors report colloidal concentration of 
colloidal oxyanions to be in the pM range, with the corresponding typical seawater levels 
(based on a number of reference cited by same authors) being on the nM scale. Such a big 
difference would clearly indicate a predominance of the truly dissolved pools. In their very 
detailed study of small boreal rivers, Pokrovsky and Schott (2002) report that As and Mo 
are mainly in the truly dissolved phase. On the other hand they suggest that up 50% of Sb 
may be present as LMW colloids in organic rich rivers; which would agree with our 
observations at sites and MA4 and possibly MA3. The same authors report 50% V 
associated with colloids (range 0.8 µm - 1kDa); a situation which we also observed. A role 
of Fe oxides in V transport is suggested by the significant correlation (p < 0.01) between 
total colloidal Fe and V. 
  
  
Figure 6.1d. Percentage distributions of As, Mo, Sb, U, and V between the truly dissolved (white), HMW colloidal (diagonal fill) and LMW colloidal (dotted) phase. Black bars 
indicate the total colloidal phase (1.2µm - 1kDa) which was used when computation of the HMW fraction was not possible (see § 6.1.1). 
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Figure 6.1d. (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
6.1.6. Chromium 
This element is considered separately since its redox speciation, which strongly 
influences its distribution, is a specific research topic in our group (Dominik et al., 2003; 
Pereira de Abreu et al., 2003; PhD work of M.-H. Pereira de Abreu, in progress). 
The reduced Cr(III) is reactive and shows a strong affinity for organic matter and other 
negatively charged ligands. By contrast the oxidised Cr(VI) exist as an oxyanion and, as 
seen in the previous paragraph, should normally not be appreciably complexed by colloidal 
ligands. Major concern arises from the possible oxidation of Cr(III) to Cr(VI), with the 
latter being mutagenic and carcinogenic to humans. In general the oxidation kinetic is 
slow, but it can be accelerated by the presence of amorphous Mn oxides (Eary and Ray, 
1987).  
The very high percentages of colloidal Cr (30-90%) in the Dunajec (D1, D2, D8, D9, 
D12) and Sebou (MA2, MA3, MA4) systems and at site Po3 (Fig. 6.1.e), would agree with 
the presence of  Cr(III) inputs from tanneries or, for site Po3, other textile industries and 
dying activities (see chapter 3). Furthermore, at the same sites, apportionment between 
HMW and LMW colloidal fractions revealed a prevalence of the former. A significant 
correlation (p < 0.05) between Fe and Cr was observed in the total filterable phase but not 
in the colloidal phase. As already mentioned (§ 6.1.3), the possible formation of organic 
coating on mineral particles probably also play a role in determining Cr distribution 
between HMW and LMW colloids. 
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Analysis of Cr redox speciation in samples from the Dunajec river (D2, D3) and 
Czorsztyn reservoir (D1, D6; Dominik et al., 2003; Bobrowski et al., 2004) confirms that 
no Cr(VI) occurs in the colloidal fractions. On the other hand, Cr(III) could be detected in 
the truly dissolved phase. Such an occurrence reflect, rather than the presence of truly 
dissolved Cr(III), the inability of TFF cartridges to retain all the low molecular weight 
colloidal ligands to which Cr(III) may be complexed. Similarly, for the Morocco samples, 
most of Cr at sites MA2, MA3 and MA4 would occur in the form of polynuclear Cr(III) 
species in association with proteinaceous material (Pereira de Abreu et al., 2003). Results 
of Cr redox speciation are currently being examined for points D8, D9 and D12 (Ph.D. 
work of M.-H. Pereira de Abreu). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1e. Percentage Cr distribution between the truly dissolved (white), HMW colloidal (diagonal fill) 
and LMW colloidal (dotted) phase. Black bars indicate the total colloidal phase (1.2µm - 1kDa) which was 
used when computation of HMW and LMW fractions was not possible (see § 6.1.1). 
 
At the other sites, the occurrence of Cr(VI) should be thermodynamically favoured, 
although Li and Xue (2001) report a predominance of unreactive, organically complexed 
Cr(III) in subsurface samples of the Geneva lake. This would not contrast with our 
partition results, since Dominik et al. (2003) showed the possible occurrence of Cr(III) in 
the truly dissolved phase.  
Simultaneous investigation of fractionation and redox speciation should clearly gain 
more widespread use for elements having environmentally relevant redox behaviour such 
as Cr and, see previous paragraph, As and Sb. 
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6.1.7. Total filterable vs. particulate phase 
Besides fractionation between the colloidal and the truly dissolved phases, knowledge 
of the total filterable vs. particulate elemental concentrations is also important to establish 
the most likely environmental fate of an element (see 6.2 and chapters 7 and 8) and the 
potential toxicity for filter feeders (which bioaccumulate metals from both the filterable 
and particulate phases) and unicellular organism (Luoma, 1995; Fisher et al., 1996; 
Carvalho et al., 1999; Wang and Fisher, 1999; Weltens et al., 2000). Detailed 
measurements of particulate metal concentrations were performed for the Dunajec (March 
2001), Po, Vistula and Sebou samples.  
The relative importance of the particulate vs. total filterable phase depends on SPM 
concentration and particles' metal (and organic carbon) content, as well as specific element 
and environmental factors which regulate the metal-solid phase interactions (see previous 
sections). Furthermore the presence of particular rock types (see Table 1.1) can result in 
high elemental concentration even in absence of anthropogenic impacts (Pfeifer et al., 
1996; Venturini et al., 1996; Matschullat et al., 2000; Pfeifer et al., 2000; Amorosi et al., 
2002; Camusso et al., 2002; Vignati et al., 2003).  
Total filterable organic carbon generally predominates in the Lambro-Po system (Po 
sites; Fig. 6.2A), although its contribution decreases at the anthropogenically impacted 
sites Po2 and Po3. The percentage contribution of total filterable carbon is also reduced, by 
about 30%, at sites MA2, MA3 and MA4 with respect to MA1. An extremely low total 
filterable to total ratio (TF/T) is observed at site V3, possibly because of the presence of 
coal particles which may carry relatively immobile carbon.  
In the case of Al, the filterable phase accounts for less than 2% of the total 
concentration (i.e. the sum of total filterable + particulate metal concentrations in µg L-1) at 
all sites and the results for this element have not been plotted in Fig. 6.2. The contribution 
of the filterable phase to the total concentrations for Ti and Pb generally does not exceed 
20% (Fig. 6.2B), except at site V4 for Ti and sites D2 and Po3 for Pb. The latter results are 
determined by the low SPM concentration (V4 and D2) and by the presence of Pb 
anthropogenic inputs (Po3).  
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Figure 6.2. Percentage contribution of total filterable (TF) to the total (T) DOC and element concentrations 
for selected samples. Total concentrations (mg L-1 for OC and µg L-1 for trace elements) are calculated as the 
sum of total filterable and particulate OC or element concentrations.   
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For Mn, Fe and the trace metals Co, Cu, Ni, and Zn, the situation is more variable and, 
in some cases, influenced by a number of anthropogenic activities (Fig. 6.2C, D). As 
already mentioned with regard to the distribution between colloids and true solution, the 
variations of filterable vs. total Mn (Fig. 6.2C) are linked to changes in the percentage 
oxygen saturation (sites Po3, MA2, MA3, and MA4). In the Vistula basin, Mn can be 
added to the total filterable phase due to inputs of coal-mining drainage water or leaching 
from drainage spoils (Guéguen and Dominik, 2003). Similar factors are likely to control 
the Fe particulate / filterable distribution. Note however that the TF / T ratios for Fe have 
only qualitative values and possibly overestimate the effective fraction of filterable Fe 
because of interference during ICP-MS measurements (§ 4.4.1). 
Co and Ni (Fig. 6.2D) mirror very well the pattern observed for Mn in agreement with 
the importance of the latter as a carrier phase for these two trace elements (Marshall and 
Fairbridge, 1999). On the other hand, the variability of Cu and Zn distribution between the 
total filterable and the particulate phase seems to be determined by combinations of the 
different factors already mentioned in section 6.1 (e.g. conductivity and presence of Zn 
mines in the Vistula river).  
As to the oxyanions, As, Mo, Sb, and U (Fig. 6.2E) are preferentially transported in the 
filterable phase (over 80%) except at the MA sites where the high SPM content and, for 
Mo and Sb some degree of anthropogenic enrichment (see § 6.1.3 below), increase the 
importance of the particulate fraction (Fig. 6.2E). On the other hand, V (Fig. 6.2F) often 
has rather high (60-80%) particulate concentrations because of the presence of V rich 
formations (clay/shales and, for the Po basin, mafic rocks) at some of the sampling sites 
(see also § 6.1.4). 
The large contribution of filterable Cr to the total Cr concentrations at sites D1 and D2 
(Fig. 6.2F) follows from the low SPM concentrations; while high conductivity values and 
the likely predominance of Cr(VI) should account for the situation at site V4. On the other 
hand, particulate Cr predominates at sites Po1 and Po2 (low TF/T ratios) due to the already 
mentioned presence of mafic and ultramafic rocks in the Po basin (Venturini et al., 1996; 
Amorosi et al., 2002). The fingerprint of such peculiar formations can actually be seen as 
far as the Po delta floodplain, 250km downstream from sampling sites (Amorosi et al., 
2002; Bianchini et al., 2002). Finally, over 80% of Cr is in the particulate phase at MA 
sites because of the high SPM content of these waters and, as to sites MA2, MA3, and 
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MA4, the massive inputs of anthropogenic Cr in the reduced, particle reactive Cr(III) form 
originating from tanning activities (see § 6.1.5). 
  
6.1.8. Particulate phase metal concentrations 
The measurement of trace metal concentration in the solid phase, expressed as µg 
metal per g of SPM (appendix 6), allows to determine whether trace elements are enriched 
with respect to regional background levels. Enrichment factors (EF) can be calculated 
according to the formula proposed by Kemp and Thomas (1976): 
 
( ) ( )
bAl/bC
bAl/bCzAl/zCEF
-
=  
where: Cz = content of the element in the sample z 
Cb = content of the element in world mean river bed sediment / suspended matter 
    Alz = content of Al in sample z 
Alb =  content of Al in world mean river bed sediment / suspended matter 
 
Compared with the simple “contamination factor” (defined as Cz / Cb), normalisation 
to aluminium content takes into account the changes in particle grain size and provides 
better estimates of trace metal enrichment. Traditionally the enrichment factors (EF) have 
been calculated using average shale values or "world mean river" bed sediments/suspended 
matter elemental concentration. This approach can be risky since geochemical background 
levels are subject to local and/or regional fluctuations (Chapman et al., 1999; Matschullat 
et al., 2000; Camusso et al., 2002; Vignati et al., 2003). For this reason reference sites 
within each basin were used whenever possible. In the case of the Po, Vistula and Sebou 
sites, the impact of a polluted tributary (Lambro, Przemsza and Fez respectively) can be 
evaluated by normalisation to sites Po1, V1 and MA1. Site V1 may actually be already 
influenced by polluting inputs from coal mines, but the use of more upstream location such 
as Lipowiec (Guéguen and Dominik, 2003) would not make better sense due to the 
presence of the Goczalkowice reservoir upstream of site V1 (Fig. 3.4). Site Po1, although 
located in the middle stretches of the Po, generally shows good quality with regard to trace 
metal contamination (Camusso et al., 2002; Viganò et al., 1999; Vignati et al., 2003). Site 
MA1 is ideally located to serve as a reference (Koukal et al., 2004) even if it can be subject 
to metal contamination due to atmospheric fall out. No local reference sites were sampled 
Chapter 6: Element distribution 
 
 
104
for locations D1 and D2 where EF were estimated using average values for river suspended 
sediments (Martin and Meybeck, 1979). 
 
Table 6.3. Element enrichment factors for the Dunajec (March 2001; D1 and D2), Po (Po2 and Po3), Vistula 
(V2-V4) and Sebou (MA2-MA4) samples. Empty cells indicate enrichment factors below 1 at all the sites 
within a system; n.a. = elemental concentration not measured in the corresponding samples. 
 
 Dunajec 
(March 2001) 
Po Vistula Sebou 
Cr 6 - 31  0.7 - 1.3 19 - 83 
Ni    1.8 - 2.9 
Cu   2.0 - 3.1 26 - 37 
Mn 0.8 - 4.7    
Zn 3.2 - 5.0 0.3 - 2.1 2.2 - 14.9 10 - 24 
As 0.5 - 1.7  0.6 - 1.6  
Mo 1.1 - 4.0   4.0 - 15.2 
Cd n.a. 0.4 - 2.3 4.1 - 31.7 7 - 23 
Sb 1.7 - 2.1 0.4 - 3.2 n.a. 10 - 19 
Hg* n.a. 1.0 - 19.6 2.1 - 12.2 30 - 120 
Pb 1.1 0 - 1.2 1.6 - 15.7 18 - 50 
U 1.9  n.a. 0.7 - 1.6 
 
*measurements performed at the IRSA-CNR laboratories in Milan (Italy). 
 
Ti, V, Fe, and Co did not show enrichment in any of the four study areas under 
consideration. Evidence of severe Cr contamination (Table 6.3) was found at sites D1, D2, 
MA2, MA3, and MA4 in agreement with the presence of tanning activities in the Dunajec 
and Sebou basins. Mn did not generally show enrichment to any appreciable degree except 
in the Czorsztyn reservoir. This would constitute additional evidence of internal 
precipitation of Mn oxides in the reservoir since no Mn enrichment was observed in the 
Dunajec river at Waksmund upstream of the reservoir and no other local sources of Mn are 
known. Many other elements exhibited high EF at sites MA2, MA3, and MA4, followed 
by sites V2, V3, V4 and Po3.  
It must be noted that the extent of Cd, Zn and Pb enrichment in the Vistula river may 
have been diluted at the time of sampling (at least at sites V2 and V3) because of high flow 
conditions. Extremely high EF are observed for Hg in the Sebou-Fez system. It is 
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interesting to note that Hg concentration at site MA1 (about 0.02 µg g-1) is four time less 
than the corresponding ones at sites Po1 and V1 which have comparable Hg levels (about 
0.08 µg g-1). Although Hg contamination is clearly present at MA2, MA3 and MA4 (see 
appendix 6), the much higher Hg enrichment factors with respect to the Po and Vistula 
system must consider this lower background level. Hg concentrations at sites MA2, MA3, 
and MA4 are actually lower than at Po3 and V4 (appendix 6). Whether Hg contamination 
in the Sebou system has a more severe ecological effect because of the naturally lower 
levels remains to be verified. 
 
6.1.9. General discussion and concluding remarks 
The results illustrated in the previous paragraphs allow to draw some conclusions 
about the general patterns of element distribution, and about the possible factors 
controlling those patterns, in contrasting aquatic environments. 
Terrigenous elements, such as Al and Ti, and highly reactive elements such as Pb seem 
to preferentially occur in the particulate phase which normally constitute at least 80% of 
their total concentration (Fig. 6.2 and section 6.1.6). Furthermore, in the filterable phase, 
these elements tend to occur in association with colloids and, hence, to have low to very 
low truly dissolved concentrations (Fig. 6.1b and 6.1c). With a few exceptions (e.g. about 
50% of total Pb is in the filterable phase at site Po3 due to anthropogenic inputs), the 
distribution of these elements therefore seems largely unaffected by variations in master 
environmental parameters and the elements are expected to occur essentially in the 
particulate phase. A note of caution must however be put forward, since sites with acidic 
waters were not considered in the present study. Our results clearly cannot be extrapolated 
to such environments where the dissolution of e.g. Al oxides can have profound impacts on 
the distribution of this elements.  
The trace metals Fe, Mn, Co, Cu, Cr, Ni, and Zn show very variable distribution 
patterns (Fig. 6.1c) and, depending on a number of factors, can preferentially occur in the 
particulate (e.g. Cr and at sites sites Po1 and Po2) or in the truly dissolved phase (e.g. all 
these elements, except Fe, at site V4) with a wide range of intermediate situations. The 
distribution of these elements is clearly strongly influenced by the variations in master 
environmental parameters. Besides factors having a general effect such as the degree of 
oxygen saturation on Mn and Fe distribution, other parameters (e.g. conductivity in the 
Vistula river) can be predominant in determining element distribution in a given system.
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Furthermore, anthropogenic pollution, basin geology and, especially for Cr, redox 
speciation are often superimposed to the effect of pH, conductivity and SPM 
concentrations. In such a complex framework, it is practically unfeasible to establish a 
general partitioning pattern for these elements which therefore require a case-by-case 
evaluation. 
Finally, the oxyanions As, Mo, Sb, and U generally have low particulate 
concentrations (< 20% of the total, Fig. 6.2) and tend to occur mainly in the truly dissolved 
phase (Fig. 6.3c). The distribution of V is complicated by its abundance in certain rock 
types, which can increase the percentage of this element in the particulate phase. The 
situation observed for oxyanions at the MA must be considered as exceptional (see § 6.1.4) 
and calls for further studies of the partitioning of oxyanions in arid environments and under 
anoxic conditions.  
 
6.2. Organic carbon and elemental behaviour upon mixing of different riverine water 
masses. 
 
6.2.1. Introduction 
Detailed study of element partitioning is useful to predict the most likely 
environmental behaviour of elements after their introduction into aquatic systems. 
Elements preferentially transported in the particulate phase should tend to accumulate in 
bed sediments and will essentially cause local pollution problems, unless marked post-
depositional re-solubilisation processes occur. On the other hand, elements transported in 
the filterable (and particularly in the truly dissolved phase) may be subject to long distance 
transport and, talking about pollution of river waters, can potentially affect the deltaic and 
coastal zones at the river mouth or impair water and sediment quality in lakes located 
along the river course.  
These observations apply to the present study, since the quality of rivers Po, Vistula 
and Sebou is impaired, to a varying extent, by their corresponding polluted tributaries: the 
Lambro, Przemsza and Fez rivers (chapter 3). In this respect, fractionation procedures of 
water samples between particulate, colloidal and truly dissolved phases can provide useful 
insight in the processes which determine elemental behaviour at the confluence between 
two rivers having a different degree of pollution.  In particular, the following phenomena 
may be, though indirectly, examined:  
6.2. Organic carbon and elemental behaviour upon mixing 
 
 
107 
a) adsorption of truly dissolved metals onto SPM (i.e. only truly dissolved 
concentration behave non conservatively in the mixing zone), or 
b) aggregation/coagulation of colloids (i.e. only colloidal concentrations behave 
non conservatively in the mixing zone), or 
c) a combination of the 2 
The term "non conservative" indicates the deviation of the experimentally measured 
concentrations in the mixing zone from the theoretical concentrations expected on the basis 
of simple mixing between two different water masses (see § 6.2.2) 
Original data are available for the Lambro-Po and Sebou-Fez systems; while results 
from Guéguen and Dominik (2003) will be used for the Vistula / Przemsza system since no 
sampling on the Przemsza tributary was performed during our campaigns.  
 
6.2.2. Water mixing processes  
In the case of the Lambro - Po confluence, the fraction of the different water masses in 
the mixing zones has been estimated using total filterable Na as a conservative tracer 
according to the formula (Pettine et al., 1996): 
 
 
          (6a) 
 
 
where:  XLambro is the fraction of waters originating from the Lambro tributary (site 
Po3) in the mixing zone 
[Na+]sitePo2 is the concentration (in mg L-1) of total filterable Na in the zone of 
mixing between the Po and the Lambro rivers 
[Na+]sitePo1 is the concentration (in mg L-1) of total filterable Na in the main 
river upstream of the confluence with the tributary (site Po1) 
[Na+]Lambro is the concentration (in mg L-1) of total filterable Na in the waters 
of the river Lambro upstream of its confluence with the river Po (site Po3) 
 
The use of this formula is necessary since the mixing between Lambro and Po waters is 
incomplete as far as 21 km downstream from the confluence itself (Pettine et al.,1996). 
The zone of incomplete mixing is known as the "Lambro plume". Site Po2 was selected 
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inside the Lambro plume in order to obtain data representative of metal behaviour upon 
mixing. Total filterable Na concentrations (courtesy of Tamara Dworak-Weber) were 8.7, 
12.5 and 30.9 mg L-1 for sites Po1, Po2, and Po3 respectively. Substituting these values in 
formula (6a) yields an XLambro of approx. 0.17; i.e. a dilution of about 6 fold. 
For the Fez - Sebou and Przemsza - Vistula confluences, the corresponding XFez at site 
MA2 and XPrzemsza at Bobrek (corresponding to site V4, see § 3.2.3 and Fig. 3.4) had to be 
estimated from the water flows at the time of sampling (Table 6.4), since neither Na+ nor 
Cl- (which could have represented another possible tracer) could be assumed to behave 
conservatively. In the Fez-Sebou, variable pools of (non conservative) colloidal Na and Cl 
were found to occur (Dworak-Weber, unpublished results); while, in the Vistula, the 
concentrations of both elements are influenced by the inputs of saline groundwater 
associated with the presence of coal mines (Guéguen and Dominik, 2003).  
 
Table 6.4. Instantaneous flows (MA sites) and average daily flows (Gora, Chelmek and Bobrek) for the 
Sebou - Fez (original data) and the Vistula-Przemsza confluences (Guéguen and Dominik, 2003). 
 
System Sampling site Flow (m3 s-1) XFez XPrzemsza 
Sebou - Fez MA 1# 2.5   
 MA 4# 0.9   
 MA 2# 3.4 0.26  
Vistula - Przemsza Gora*1 5.1   
 Chelmek*2 19.2   
 Bobrek* (V4)1 25.7  0.75 
# Independent measurement during the sampling period (see text) 
* Data from Guéguen and Dominik (2003); 1: Vistula, 2: Przemsza 
 
Some further cautionary notes are necessary with regard to the Sebou system which, at 
the sampling sites, has a rather marked stream character possibly resulting in large day-to-
day variability of water flow, water hydrochemistry (see Table 3.1) and water quality. Sites 
MA1, MA2, and MA4 were sampled on different days (i.e. changes in the anthropogenic 
inputs from tanneries may have occurred at MA2 and especially MA4) and, furthermore, 
flows were independently measured at sites MA1 and MA2 (MA4 was determined by 
difference) on 26th May 2002, which does not correspond to any of the sampling dates 
(Table 3.2). Interpretation of "mixing results" for the Sebou-Fez system must therefore be 
considered as a preliminary assessment of the processes regulating contaminant behaviour 
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in a peculiar (arid climate, prevalence of craftsman-scale activities) and extremely polluted 
environment. Results for the Po and Vistula systems may have a more general validity 
although studies for assessing seasonal variability are clearly needed. 
After estimating the Xtributary fraction in the main river stream, the theoretical 
concentration of any element (or organic carbon) in the mixing zone can be calculated as 
follows (Pettine et al., 1996): 
 
[ ] [ ] [ ] ( )TributaryupstreamTributaryTributaryzone mixing X1MeXMeMe -*+*=  (6b) 
 
where:  - [Me]mixing zone is the theoretical elemental concentration downstream the  
confluence between the main river and the polluted tributary; i.e. sites 
2Po, MA2 and V4 (Bobrek) for the systems under consideration 
- [Me]Tributary is the experimentally measured elemental concentration at 
the station located in the polluted tributary; i.e. sites 3Po, MA4 and 
Chelmek 
- XTributary is calculated according to formula 6a 
- [Me]upstream is the elemental concentration upstream of the confluence 
between the main river and the polluted tributary; i.e. sites Po1, MA1 
and Gora 
- (1-XTributary) indicates the fraction of waters belonging to the main river 
in the mixing zone 
 
6.2.3. Organic carbon  
Total filterable organic carbon shows non-conservative losses in the Lambro-Po and 
Sebou-Fez systems and quasi-conservative behaviour for the Vistula-Przemsza (Fig. 6.3). 
The losses observed in the Po and Sebou systems occur mainly in the truly dissolved 
fraction, while the total colloidal fraction seems to show conservative behaviour. However, 
this pattern may also arise from the simultaneous transfer, at equal rates, of truly dissolved 
OC to the colloidal fraction and COC to the particulate OC pool. The available results 
would tentatively support this latter hypothesis. 
In the Lambro-Po system, the percentage OC content of SPM increases from 1.8% at 
site 1 to 3.2% at site 2, and is 10.2% at site 3. Given the calculated XLambro of 0.17 at site 
Po2, these POC values would provide a conservative OC balance for site Po2, since: 
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(0.17  * 10.2%) + (0.83 * 1.8%) = 3.2%      (6c) 
 
However it is very unlikely that no sedimentation of Lambro born particles occurs upon 
mixing with the river Po waters. An additional source of particulate OC ought to be present 
and may well be represented by the transfer of truly dissolved OC onto SPM via colloidal 
pumping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Experimental (white bars) vs. "theoretical conservative" (diagonal filling) concentrations of total 
filterable (Filterable), truly dissolved (Tr. Diss.) and total colloidal (colloidal) organic carbon during the 
mixing of the Lambro-Po (Po), Sebou-Fez (Sebou) and Vistula-Przemsza (Vistula) waters. Note the different 
scales of the graphics for each system. 
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 Similarly, in the Sebou-Fez system, the percentage OC content of SPM (appendix 
6) increases from 1.7% at site MA1 to 16.9% at site MA2. Given that: 1) the POC at site 
MA4 is 33.1%, 2) a fraction of particulate matter carried by the river Fez should sediment 
at the confluence with the Sebou, and 3) XFez at site MA2 is 0.24; an additional source of 
POC (i.e. adsorption from the truly dissolved phase, possibly mediated by colloidal 
pumping) would be needed to account for POC concentration at site MA2. 
In the Vistula system, the loss of colloidal organic carbon during mixing reflects the 
effect of conductivity on colloidal stability (Filella and Buffle, 1993). The increase in 
conductivity from 2702 µS cm-1 at the station of Gora (upstream of mixing) to 3862 µS 
cm-1 at Bobrek (downstream of mixing, values of conductivity from Guéguen and 
Dominik, 2003) favours the coagulation of colloids. However, the conservative behaviour 
of total filterable OC in the Vistula (Fig. 6.3) would suggest a transfer of colloidal OC to 
the truly dissolved phase, without the occurrence of OC adsorption onto SPM. This latter 
hypothesis cannot be verified since measurements of percentage POC content in the 
Vistula were not performed by Guéguen and Dominik (2003). 
 
6.2.4. Fe and Mn 
In the Lambro-Po system, Mn and, to a lesser extent, Fe show losses in the total 
filterable phase (Fig. 6.4). These losses are due to colloidal aggregation / coagulation in the 
case of Fe and to the removal from the truly dissolved phase for Mn. The suboxic 
conditions of the river Lambro possibly lower the redox potential enough to promote the 
dissolution of Mn oxides and the formation of Mn2+ as suggested by Pettine et al. (1996) 
and by the TFF results for site Po3, where virtually all Mn is in the truly dissolved phase 
(Fig. 6.1c). At site Po2, the soluble Mn2+ can then be oxidised and taken onto SPM, but 
colloidal pumping may also be involved as already seen for OC. On the other hand 
dissolution of Fe oxides would require more reducing conditions than those encountered in 
the Lambro and Fe loss in the mixing zone occur possibly because of the interaction 
between different type of colloidal matter or changes in pH (rise from 7.4 to 7.8) which 
may affect the stability of a portion of Fe oxides. In both cases, the possible increase in the 
Fe or Mn  content (µg g-1) of SPM at site Po2 is masked by the comparatively high 
concentration of these two elements in the SPM at site Po1 (appendix 6). 
For the Sebou-Fez, the situation appears to be governed essentially by the conditions 
of complete anoxia which prevail at sites MA4 (i.e. the polluted tributary) and MA2 (i.e. 
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the mixing zone). In this case, the losses of colloidal Fe (which are reflected in the total 
filterable phase) in the mixing zone may be ascribed to the sedimentation of FeS. On the 
other hand, anoxic conditions in bed sediments may result in the release of Fe2+ to the truly 
dissolved phase in the water column (see Fig. 6.4). This latter process may to be prevalent 
in the case of Mn for which significant addition to the total filterable (and truly dissolved) 
phase occurs along with removal of colloidal Mn (reduction + dissolution). Complex 
diagenetic processes involving oxidation / precipitation / resuspension of Fe and Mn oxides 
are probably at work at site MA2. Changes in the Fe and Mn content of SPM are not 
observed for the same reasons as for the Lambro-Po system. 
In the Vistula river, only measurements of total colloidal Fe are reported by Guéguen 
and Dominik, (2003) (truly dissolved Fe was below detection limit and total filterable Fe is 
not given). For this system, addition is generally observed during the mixing process for 
both Fe and Mn. Note that total filterable Mn concentration in this system are 20-40 times 
higher than the corresponding levels in the Po and Sebou. According to Guéguen and 
Dominik (2003), Mn inputs are likely to come from coal mine drainage water were 
reducing conditions (and hence truly dissolved Mn2+) would prevail. Additional inputs 
from mining spoils from the Przemsza river cannot however be excluded.  
 
6.2.5 Trace metals: Co, Cu, Ni, Pb, Zn, and Cr 
The general behaviour of trace metals during the "mixing" is characterised by losses in 
the total filterable, truly dissolved and colloidal phases for the Lambro-Po and Sebou-Fez 
and by addition to the total filterable and truly dissolved phases for the Przemsza-Vistula 
(Fig. 6.4). The colloidal metal pools are generally insignificant in this last system.  
In the Lambro-Po, removal or these trace elements from the true solution is possibly 
controlled by OC (Fig. 6.3) and Mn (Fig. 6.4); both of which show non conservative 
behaviour in the truly dissolved phase at site Po2. On the other hand, losses from the 
colloidal phase are more likely controlled by colloidal Fe (Fig. 6.4) which represents 
another well-know carrier phase for trace metal.  
For Cu and Zn, an increase in the SPM content (µg g-1) at site Po2 is evident (appendix 
6) and the transfer from the total filterable towards the particulate phase (possibly via 
colloidal pumping) is confirmed by the higher element levels in river Po bed sediments 
downstream of the confluence with the river Lambro (Camusso et al., 2002; Vignati et al., 
2003). This is not the case for Co, Cr, Ni and Pb for which solid phase concentrations (µg 
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g-1) at sites Po1 and Po2 are comparable (appendix 6). In the case of Cr, Co and Ni the 
presence of mafic and ultramafic rocks (§ 3.2.2), with high concentrations of these 
elements, may mask the overall addition of these element from the filterable to the 
particulate phase. For Pb, the quantity of metal removed onto the particles may be too low 
to affect Pb concentration (µg g-1) in SPM, as seen for Mn and Fe. 
Large differences between experimental and expected (i.e. conservative) 
concentrations are observed in the Sebou-Fez system for Cu, Zn and Cr (non conservative 
losses) and Ni (non conservative addition; Fig. 6.4). A slight Co enrichment in the truly 
dissolved fraction seem to be present, possibly following dissolution of Mn oxides. Cu and 
Zn losses are observed in the total filterable and colloidal phases (Fig. 6.4) in agreement 
with the possible removal of these elements from the water column by colloidal pumping. 
In the case of Cr, tanneries are expected to discharge large amounts of Cr(III) in 
association with organic ligands of varying molecular weight (Walsh and O'Halloran, 
1996a, b). Some of these ligands may be small enough to pass through the pore of the TFF 
membranes, and aggregation - coagulation of organic material can then be invoked to 
explain the observed generally non conservative behaviour of both colloidal and truly 
dissolved Cr. On the other hand, additional sources of Ni seem to be present in the mixing 
zone. In the truly dissolved phase, Ni addition seems concomitant with that of Mn, 
suggesting release of Ni from bottom sediments. In the colloidal phase, Ni addition is not 
paralleled by similar behaviour of the possible carrier phases (i.e. OC, Fe-Mn oxides) and 
may be due to daily variability. Finally, Pb fluctuations are rather limited considering the 
potential variability of the system. Removal of Pb from the total filterable and colloidal 
phases (Fig. 6.4) would agree with colloidal pumping; while the addition to the truly 
dissolved phase is possibly due to system variability.  
With regard to metal levels in SPM, Co levels at sites MA1 and MA2 are comparable 
(appendix 6), suggesting that river Fez has only a little impact on Sebou as to this element. 
On the other hand, the concentrations of particulate Cr, Cu, Ni, Pb and Zn increase 
markedly from site MA1 to site MA2. The observed non-conservative behaviour (Fig. 6.4) 
would suggest that a transfer of metals from the filterable phase onto the particulate matter 
occurs at site MA2 during the mixing of the Sebou and Fez waters. However, these result 
must be interpreted with caution because of the non-synchronous sampling (and flow 
measurement) in a system potentially subject to large daily fluctuations with regard to both 
element concentration and flow values.  
 
 
 
Figure 6.4. Experimental (white bars) vs. theoretical conservative (diagonal filling) concentrations of total filterable (Filterable), truly dissolved (Tr. Diss.) and total colloidal 
(colloidal) Fe, Mn, Co, Cu, Ni, Pb, Zn, Cr during the mixing of the Lambro-Po (Po), Sebou-Fez (Sebou) and Vistula-Przemsza (Vistula) waters. Note the different scales of the 
graphics for each system. Data for Ni are not available for the Vistula system. 
 
 
 
Figure 6.4. (continued) 
 
 
 
 
 
Figure 6.4. (continued) 
 
 
 
 
Figure 6.4. (continued) 
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In the Vistula river all the elements show non-conservative behaviour in the total 
filterable phase mainly as a consequence of element addition to the truly dissolved phase 
(Fig. 6.4). This behaviour is particularly evident for Co, Cr, Cu and Zn and is possibly 
linked to release of metals from particles originating from the Przemsza river following the 
high conductivity values (approx. 3800 µS cm-1) in the mixing zone.  
Although direct measurement of solid phase metal content was not performed by 
Guéguen and Dominik (2003), estimation of solid phase metal concentration (µg g-1) from 
the difference between bulk and filtered water (and SPM concentrations) indicates that 
SPM at Chelmek (in the Przemsza tributary) contains 49.6 µg g-1 Co, 621 µg g-1 Cr, 697 
µg g-1 Cu, and 41,000 µg g-1 Zn (bottom sediments at the same location have 10 mg g-1 
Zn). The corresponding values in the Vistula river at Bobrek (analogous to V4) 
downstream of the confluence between the 2 water courses are 9.8 µg g-1 Co, 129 µg g-1 
Cr, 29 µg g-1 Cu and 4363 µg g-1 Zn.  
Given that particulate Cu concentrations at Gora (upstream of the confluence) are 
already around 400 µg g-1 and no Cu enrichment is actually seen in bed sediments 
(Guéguen and Dominik, 2003), the bulk of Cu inputs seems to be transported farther 
downstream. Similar considerations apply to Co for which a doubling of the truly dissolved 
concentration and no enrichment in bed sediment is observed. On the other hand, Zn 
enrichment is clearly evident in bed sediments pointing to the existence of a labile pool of 
Zn (which is desorbed and transported downstream) and a  "residual" pool of Zn which 
seems to be refractory to solubilisation and tend to accumulate is situ. Cr seems to follow 
Zn behaviour and the small Cr colloidal pool still present at Gora (about 10% of total 
filterable concentration) disappears during the mixing. The interpretation of Pb results is 
not univocal since the observed differences, if present, do not markedly exceed the 
standard deviations associated with experimental measurements (Fig. 6.4). Pb enrichment 
in the Przemsza river is obviously evident due to the presence of Pb/Zn mines. However 
this element does not show any marked addition to the truly dissolved phase and the effect 
of the Przemsza confluence is seen only in the particulate phase (4.8 µg L-1 at Gora vs. 
74.8 µg L-1 at Bobrek). A corresponding enrichment is seen in bed sediments, suggesting 
that Pb has a relatively low mobility and tend to accumulate in the mixing zone as 
confirmed by its extremely high partition coefficient (in the order of 107; Guéguen and 
Dominik, 2003). Of course, this input can be remobilised during floods and its possible 
long-term (and long distance) ecological risk should be carefully assessed. 
6.3. Element profiles in the Czorsztyn reservoir 
 
 
119 
6.2.6. General discussion and concluding remarks 
The impact of a polluted tributary onto a main watercourse is often assessed by a 
sedimentological approach (e.g. Chapman et al., 1999; Khamar et al., 2000; Chapman and 
Wang. 2001; Camusso et al., 2002). Studies of element behaviour in the water column (i.e. 
occurrence of conservative vs. non conservative behaviour) are rather widespread with 
regard to estuarine and coastal zones (e.g. Förstner and Wittmann, 1981; Li et al., 1984; 
Salomons and Förstner, 1984; Salomons et al., 1988; Martin et al., 1993; Dai and Martin, 
1995; Dai et al., 1995; Laslett and Balls, 1995; Muller, 1996; Muller, 1998; Camusso et al., 
1997; Kraepiel et al., 1997; Guieu and Martin; 2002) but less common for inner lotic 
waters (e.g. Pettine et al., 1996; Audry et al., 2003; Schemel et al. 2000). The results 
reported in this section show that detailed fractionation studies can be useful in predicting 
the most likely environmental fate of metals in aquatic systems subject to metallic 
pollution. 
Although OC, Fe, and Mn appear to play a role in controlling trace metal behaviour, 
the final outcome of the mixing processes can greatly vary between the different systems 
(see § 6.2.5). In the case of organic carbon, the actual nature of NOM is clearly of pre-
eminent importance in determining the ultimate behaviour of colloidal OC in aquatic 
systems (Pizzarro et al., 1996; Wilkinson et al., 1997). At the same time, the role of Fe and 
Mn as carrier phases varies in response to the redox conditions found in a given system, 
since these two elements can form insoluble oxy-hydroxides (colloidal or particulate) 
under oxic conditions, but can be solubilised soluble under anoxic conditions. As seen with 
regard to element distribution (§ 6.1.8), system specific factors seem to operate along with 
more general mechanisms to determine metal behaviour during the mixing of different 
water masses. The ultimate consequences of metal partitioning with respect to the element 
environmental fate will therefore probably require, where needed, a case by case 
evaluation.  
 
6.3. Element profiles in the Czorsztyn reservoir 
The Czorsztyn reservoir receives strong chromium inputs from the upper Dunajec 
river, whose basin hosts about 300 small-scale tanneries (Szalinska et al., 2003; see chapter 
3). A detailed study of Cr partitioning and redox speciation in the reservoir is under way in 
co-operation with the University of Cracow and the Niedzica hydro-electric power plant. 
Advantage was taken of this opportunity to perform detailed depth profile for some 
Chapter 6: Element distribution 
 
 
120
September 2001
Units (see caption)
0 3 6 9 12 15 18 100 150 200 250
D
ep
th
0
5
10
15
20
25
30
35
Temp
Cond
DO
pH
March 2003
Units (see caption)
0 3 6 9 12 15 18 200 300 400
0
5
10
15
20
25
30
Temp
Cond
DO
pH
additional elements. This may serve as a reference state for future studies since the 
reservoir was first filled only in 1997. Note that Cr speciation is part of the PhD work of 
M.-H. Pereira-de-Abreu and will not be specifically dealt with here.  
 
6.3.1. Master environmental parameters 
Profiles of pH, T, conductivity and dissolved oxygen (Fig. 6.5) were obtained based on 
7 discrete sampling at different depths (Table 3.2 and appendix 1) for September 2001 and 
on more spatially resolved (30-40 cm) multi-parameter probe measurements for March 
2003.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. Temperature (°C), conductivity (Cond, µS cm-1), dissolved oxygen (DO, mg L-1) and pH (units) 
profiles in the Czorsztyn reservoir for two different sampling periods. 
 
In September 2001, all parameters showed very little variation with depth indicating 
that the reservoir was completely mixed at the end of the summer period. The minimum 
oxygen value of  7.1 mg L-1 recorded at 10 metres correspond to an oxygen saturation of 
about 70% and no suboxic/anoxic conditions were present in the water column.  
At the opposite, in March 2003, some typical patterns could be observed. The 
temperature profile indicates an inverse thermal stratification, in agreement with the 
persistence of the ice-cover over the entire lake surface during the sampling period. 
Conductivity increases from 0 m to about 5 m depth because snow melt was already 
occurring at the time of sampling and these low conductivity waters were flowing just 
below the ice cover. pH, around 8.5, does not show appreciable changes along the water 
column while a moderate reduction of dissolved O2 concentration with depth occurs and an 
6.3. Element profiles in the Czorsztyn reservoir 
 
 
121 
oxygen saturation of 57% is calculated close to the reservoir bottom (the concentration 
value for 100% oxygen saturation at 2.7°C is 13.15 mg L-1; Truesdale et al., 1955). The 
occurrence of anoxic conditions in the bottom sediments of the reservoir at the end of the 
winter period cannot therefore be excluded. 
 
6.3.2. Trace elements 
Cr and Mn, the two "target" elements for this system, show quite similar behaviour in 
the two campaigns, with Cr varying little along the water column and Mn exhibiting a clear 
increase from surface / mid-depth down to the reservoir bottom. High Mn concentration at 
the surface in March 2003 reflect the fingerprint of the spring snowmelt-waters carried by 
the Dunajec river in this period (Fig 6.6, see appendix 1 for SPM concentration profiles). 
Slightly increased Cr concentration is also observed in near surface water. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.6. Cr and Mn depth profiles in the Czorsztyn reservoir for two different sampling periods. Note the 
large difference in the concentration scale for Mn. 
 
Total Cr concentrations are about 2-fold higher in March than in September. Given 
that the peak period of tannery production is in November, the higher concentration in 
March would then reflect generally higher Cr inputs to the reservoir in the winter period. 
The Mn profiles suggests the occurrence of diagenetic processes at the sediment water 
interface. These processes may be coupled with partial oxidation of Cr (III) to Cr(VI), 
although a significant part of Cr is trapped in bed sediments upstream and inside the 
reservoir (Szalinska et al., 2003).  
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Despite the well know role of Mn oxides in Cr oxidation (Eary and Ray, 1987), results 
of TFF fractionation for samples D5 + D6 (September 2001) and D8 + D9 (March 2003) 
are quite different for these two elements. Cr fractionation is more similar to that of Fe 
(September 2001) or organic carbon (March 2003) (see Fig. 6.1a, c, e) suggesting a 
possible multiple-factor control of Cr cycle in the reservoir. 
A sediment core taken in March 2001 in a depositional zone along the reservoir shore 
showed that surface sediments (0-5 cm) had a Cr content of  about 290 µg g-1, which is 
about 10 times the regional background value of 30 µg g-1 reported by Szalinska et al. 
(2003). Sediment cores in the central part of the reservoir have been taken during the 
March 2003 campaign along with samples of interstitial water (PhD work of M.-H. Pereira 
de Abreu).  
Other trace elements (Fig. 6.7) show constant depth profiles in September 2001 and 
subsurface maxima, due to the subsurface flow of spring snowmelt waters, in March 2003. 
Some Co release appears to occur at depth in September 2001, in agreement with the 
known association of this element with Mn (Marshall and Fairbridge, 1999). However the 
same phenomenon is not observed in March 2003, despite the higher Mn concentration in 
the deep water layers. 
 As already noticed for Cr, TFF fractionation results for Co in samples (D5, D6, D8 
and D9) are more similar to those of Fe and OC and oxidation of algal organic matter may 
therefore be involved in determining the observed Co profile.  
In March 2003, the oxyanion Mo shows a minimum in subsurface waters as opposed 
to other elements (Fig. 6.7). Since, in this period, subsurface waters are those of the spring 
snowmelt, it is possible that oxyanions, which mainly occur in the truly dissolved phase (§ 
6.1.4), become more diluted with respect to the reservoir waters. However, the same 
"abnormal" behaviour is displayed by U (not shown, see the complete array of  results in 
appendix 7), but not by the other oxyanions As and Sb. This latter observation suggest that 
other, unidentified Mo and U specific factors are contributing to the observed profiles of 
these two elements.  
No other anomalies in the depth profiles were generally noticed (see appendix 7), 
although the distribution between the colloidal and truly dissolved phases was different for 
the two sampling periods (Fig. 6.1 b, c, d, e).  
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Concentration of total Cr in the reservoir were comparable to those observed in Lake 
Geneva (0.4 - 0.8 µg L-1) in September 2001, but were higher in March 2003, in agreement 
with the temporal variation of Cr inputs in the reservoir. Achterberg et al. (1997) report 
total Cr concentrations of less than 0.1 µg L-1 for an English lake with seasonal deep 
anoxia; i.e. a situation which could occur also in the Czorsztyn reservoir. Balestrieri et al. 
(1994) report around 0.15 µg L-1 total Cr for a permanently stratified lake. This 
comparison would confirm the presence of Cr contamination in the Czorsztyn reservoir. 
Note that the comparatively high levels of Cr in Lake Geneva with respect to literature 
value may be due to differences in filtration procedure with the cut off of 1.2µm adopted in 
this study, resulting in higher total filterable concentrations with respect to other literature 
studies. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7. Depth profile of "conservative" elements in the Czorsztyn reservoir during two sampling campaigns. 
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Chapter 7: Partition coefficients 
 
7.1. Introduction 
The distribution of trace elements between the particulate, colloidal and truly dissolved 
phases (see chapter 6) is the final result of many interacting processes. As seen in the 
introduction (section 1.5), true thermodynamic equilibrium between the phases will rarely 
be achieved in surface waters. However, many of the adsorption-desorption reactions 
involved in determining partitioning are comparatively fast with respect to residence times 
of SPM and colloids in lotic waters (Fig. 7.1) and empirical partition coefficients for steady 
state situations can often be defined. The situation can be different in lenthic (and oceanic) 
environments were water residence times can be long enough to allow for slow kinetic 
processes to become important (e.g. Nyffeler et al., 1984; Jannasch et al., 1988; Li, 1991). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1. Water residence times (t R) for different aquatic systems (top panel) vs. half times (t 1/2) of some 
environmentally relevant reaction types (bottom panel). (from Langmuir, 1997). 
 
The "added value" of partition coefficients with respect to the simple examination of 
element distribution among phases, is that they provide an indication of the relative affinity 
of trace elements for a given phase. Consider, for example, the Kd, which expresses the 
relative affinity of a given element for SPM compared with the total filterable phase. Kds 
and the element distribution between the particulate and total filterable phases are linked 
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via the SPM concentrations (Fig. 7.2). An element having 100,000 time more affinity for 
SPM (ie. a Kd in the order of 105) can actually be transported mainly in the total filterable 
phase at low SPM contents typical of e.g. oligotrophic lakes and open oceanic waters (Fig. 
7.2). On the other hand, at SPM concentration between 10 and 100 mg L-1 (typical of many 
lotic surface waters), the proportion of such an element in the filterable phase will be as 
low as 10% for an SPM concentration of 100 mg L-1 (Fig. 7.2). This example illustrates 
that the use of percentage element distribution between the particulate and the total 
filterable phase can be useful to predict element transport, but will not allow accurate 
prediction of elemental behaviour following changes in SPM concentration. 
As anticipated in section 1.5, one unwanted characteristic of the Kd is its conditional 
variability both within and between system. The incorporation of some new fundamental 
understanding of the metal partitioning theory (see e.g. Benoit and Rozan, 1999; Tang et 
al., 2002) into the original Kd concept can be used to interpret (Kp, Kc) or to try to 
eliminate (Kpc) this variability.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Schematic representation of the combined effect of Kd values (in L kg-1) and quantity of SPM (log 
S; mg L-1) in determining the percentage metal concentration in the total filterable phase (% in solution). 
(from: Duursma and Carroll, 1996). 
 
The originality of the present study lies in the analysis of experimental data collected 
in contrasting environments (Table 3.1) where metal distribution (see chapter 6) is 
determined by different environmental factors. Such an approach is clearly needed, along 
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with the most widespread detailed studies in individual (or in very similar) aquatic systems 
(e.g. Benoit et al., 1994; Turner, 1996; Camusso et al., 1999; Pokrovsky and Schott, 2002) 
to develop a better general systematic of the Kd concept. 
 
7.1.1. Estimation of the colloidal mass 
Computation of Kc and Kpc coefficients requires knowledge of the concentration of 
colloidal suspended solids (CSS). As anticipated in § 4.7.1, estimation of the CSS has been 
obtained by calculation the total colloidal C, Ca, K, Mg, and Na concentrations under the 
simplifying assumption that these elements occurred as CH2O, CaO, K2O, MgO, and 
Na2O. Table 7.1 reports the value of the estimated total, HMW and LMW colloidal masses 
(see glossary, page XXXVIII) for samples collected in the Dunajec (D1, D2), Lambro-Po 
(Po, Po2, and Po3), Sebou-Fez (MA1, MA2, MA3, and MA4), and Vistula systems (V1, 
V2, V3, V4 and the data from Guéguen and Dominik, 2003).  
 
7.2. Particulate vs. total filterable elements: The Kd 
For the discussion of Kd results, elements have been grouped according to the same 
rationale used to present element distributions in chapter 6 (i.e. terrigenous elements; Fe, 
Mn and trace elements; oxyanions; and Cr). A couple of exception are made for clarity's 
sake. Pb, which tends to have higher Kd values than the other trace elements, is discussed 
with Al and Ti; while the Kd values of V and Cr are discussed together since they have 
very similar behaviour.  
 
7.2.1. Al, Ti, and Pb 
The terrigenous elements Al and Ti (Fig. 7.3) tend to have high Kds (106 – 107) in 
agreement with their abundance in SPM and their relative low solubility in waters of 
circumneutral pH. For these 2 elements, between-system variations are due to both 
differences in the geology of the various basins (chapter 3) and to presence of human 
impacts. Anthropogenic contamination generally lowers the Kd of terrigenous elements by 
both changing the composition of SPM (the mineral fraction is reduced and POC is 
increased; see e.g. sites MA2, MA3, and MA4) or by direct polluting inputs in the 
filterable phase (e.g. Ti at sites Po3 and MA4). The decrease of Kd values in polluted rivers 
is actually a well documented phenomenon (Salomons and Förstner, 1984; Förstner and 
Wittmann, 1981). 
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Table 7.1. Estimation of the total, HMW and LMW masses (in mg L-1) of colloidal suspended solids for 
selected sites. Total, HMW and LMW fractions (see glossary, page XXXVIII) are defined as for trace metals 
and organic carbon. Results from Lipowiec to Tyniec are from Guéguen and Dominik (2003). Mean SPM 
concentrations (mg L-1) are also reported for comparison purposes. 
n.a. = not available due to: bad mass balances; or mass of HMW colloids higher than the corresponding total 
(site V1 only); or TFF separation performed using only the 1kDa cartridge (Lipowiec to Tyniec). The relative 
contributions of DOC, Ca, K, Mg and Na oxides at the total mass are given in appendix 8. 
 
 CSSTotal CSSHMW CSSLMW SPM 
D1* 2.34 ± 0.03 n.a. n.a. 2.2 
D2* 5.07 ± 0.06 n.a. n.a. 3.5 
Po1 4.13 ± 0.48 1.25 ± 0.46 2.88 ± 0.15 25.0 
Po2 3.63 ± 0.34 0.4 ± 0.11 3.23 ± 0.32 30.1 
Po3 7.84 ± 0.83 3.97 ± 0.78 3.86 ± 0.28 18.0 
V1 4.82 ± 0.11 n.a. n.a. 91 
V2 4.44 ± 0.07 3.21 ± 0.11 1.23 ± 0.13 76 
V3 16.4 ± 0.3 6.05 ± 0.04 10.39 ± 0.31 54 
V4 8.23 ± 0.09 7.88 ± 0.09 0.35 ± 0.13 9.4 
MA1 12.6 ± 0.16 11.8 ± 0.29 0.8 ± 0.23 55.5 
MA2 58.0 ± 2.1 n.a. n.a. 144 
MA3 24.3 ± 1.2 18.9 ± 1.7 5.4 ± 2.0 254 
MA4 54.6 ± 1.9 35.3 ± 1.4 19.3 ± 2.4 525 
Lipowiec 25 n.a. n.a. 5.3 
Gora 28 n.a. n.a. 45.6 
Chelmek 21 n.a. n.a. 13.9 
Bobrek 6 n.a. n.a. 99.5 
Metkow 23 n.a. n.a. 39.3 
Tyniec 13 n.a. n.a. 5.4 
* Calculation based on DOC only: CSSTotal = COCTotal * 2.5 
 
 
Pb also has rather elevated Kds (generally in the order of 105; Fig. 7.3) because of its 
high affinity for SPM (see § 6.1.3). In the upper Vistula basin, the presence of Zn/Pb mines 
(§ 3.2.3 and Fig. 3.4) has a marked influence on the partition coefficients of Pb. Under 
normal flow conditions, the Kd for lead at contaminated sites is as high as 106 and even 107 
at sites Chel and Tyni (Guéguen and Dominik, 2003). During high-flow conditions, 
dilution of mining inputs by less Pb-contaminated soil particles seems to occur, since the 
Kds for Pb at sites V1-V4 are 1 or 2 order of magnitude lower than those calculated for 
normal flow conditions (remember that sites V3 and V4 correspond to Bobrek and Tyniec 
in Guéguen and Dominik, 2003; see chapter 6 and Fig. 3.4).  
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Fig. 7.3. Values of partition coefficients (Kd)  for Al, Ti and Pb at selected sites. Vertical bars indicate one 
standard deviation. Note that errors are generally 1 - 2 order of magnitude lower that the corresponding mean 
Kd values and are sometimes difficult to appreciate on the graph. Sites Lipo to Tyni: data from Guéguen and 
Dominik (2003), no errors available. 
 
7.2.2. Fe and Mn 
The variability of Kd values for Mn essentially reflects the changing equilibria between 
insoluble Mn(IV) and soluble Mn(II) species in response to the fluctuations of percentage 
oxygen saturation (§ 6.1.3. and 6.2.4). However, the extremely low Kds (Fig. 7.4) for Mn 
reported by Guéguen and Dominik (2003) in the Vistula river (sites Lipo to Tyni) are 
linked to the massive infiltration of reduced Mn from mine groundwater (§ 6.1.6). 
Comparison of the results for Lipo-Tyni with those for V1-V4 would suggest that such 
groundwater contribution becomes less important at high flows (Fig. 7.4). 
In the case of Fe, the Kd values are much less variable for Fe (Fig. 7.4) and show 
minimum values at sites Po3, MA3 and MA4. At the two latter sites, full anoxic conditions 
are present and Fe may be solubilised by reduction of Fe(III) to Fe(II), thus decreasing the 
Kds with respect to sites MA1 and MA2 (Fig. 7.4). This hypothesis is supported by the 
reduced Fe content of SPM at sites MA3 and MA4 (appendix 6). On the other hand, Fe 
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reduction should not occur under the suboxic conditions observed at site Po3. In this case, 
the lower Kd value seems to be linked to difference in particle composition, with Fe 
concentration (µg g-1) being 2.5 fold lower at site Po3 than at site Po1 and Po2. Similar 
differences in particle composition between the rivers Po (site Po1, Po2) and Lambro (site 
Po3) have been reported in IRSA (1997) for bed sediments.  
Even if this pattern appear rather coherent, it must be noted that the Kds for Fe reported 
in Fig. 7.4 may be negatively biased with respect to their actual values due to the 
methodological problems connected with filterable Fe measurements by ICP-MS (§ 4.4.1 
and 4.4.4). For example, Pettine et al. (1996) report median Fe Kd values of 107 for site 
Po1 (n = 35) and 106 for the site Po 3     (n = 16). The Kd for Fe calculated from the 
compilation of elemental concentrations in major world rivers (Martin and Meybeck, 1979) 
is also in the order 106. All these values are one order of magnitude higher than those 
graphically shown in Fig. 7.4. The Kds for Fe reported in this study as therefore better 
viewed as a qualitative representation of the within and between-system changes of Fe 
partition coefficients.  
 
7.2.3. Trace metals (Co, Cu, Ni, Zn) 
 The behaviour of Co, Cu, and Ni (Fig. 7.5) is very similar to that of Mn, in 
agreement with the statistically significant correlation (p < 0.01) observed between Mn and 
these elements in the total filterable phase. The Kd values for Zn at sites V3 and V4 deviate 
from the pattern observed for Mn because of the presence of the Pb/Zn mines, which 
markedly increase the particulate concentration (appendix 6), and hence the Kd, of Zn. 
Similar considerations apply to sites Chelm and Tyni (Guéguen and Dominik, 2003) under 
normal flow conditions. For Co, Cu, and Ni, the overall Kd variations reflect the combined 
action of various environmental parameters as already discussed in § 6.1.3 and 6.1.8. 
 
7.2.4. Oxyanions (As, Mo, Sb, U) 
With a few exceptions, Kd values for As, Mo, Sb, and U do not generally exceed order 
104 (Fig. 7.6); in agreement with the anionic character of such elements and, except for the 
Sebou-Fez system (see § 6.1.4), their predominant transport (> 80%) into the total 
filterable phase.  
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Fig. 7.4. Values of partition coefficients (Kd) for Mn and Fe. Vertical bars indicate one standard deviation. 
Note that errors are generally 1 - 2 order of magnitude lower that the corresponding mean Kd values and 
hence they are difficult to appreciate on the graph. Sites Lipo to Tyni: data from Guéguen and Dominik 
(2003), no errors available. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5. Values of partition coefficients (Kd) for Co, Cu, Ni and Zn at selected sites. Vertical bars indicate 
one standard deviation. Note that errors are generally 1 - 2 order of magnitude lower that the corresponding 
mean Kd values and hence they are difficult to appreciate on the graph. Sites Lipo to Tyni: data from 
Guéguen and Dominik (2003), no errors available. 
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The comparatively large standard deviation (RSD approx. 50%) which accompanies 
the As Kd at site D1 is due to the large uncertainty in the solid phase concentration (see 
appendix 6). The rather high (> 104) Kds for As at site D1 and D2 arise from low total 
filterable concentration (appendix 4) coupled with the presence of shale/clays, richer in As 
(Table 1.1), in the Dunajec catchment (§ 3.2.1).  
Other major features of Kd patterns for the oxyanions are exhibited by Mo in the 
Vistula river (V sites) and by all oxyanions in the Sebou-Fez (MA sites, Fig. 7.6). Given 
that, in the Vistula river, the Kd for Mo varies in the same ways as Mn and other trace 
metals; inputs of filterable Mo from groundwater sources (see § 7.2.2) are likely to occur 
and to progressively lower the Kd values. Note however, that sites V1, V2 and V3 were 
sampled under high flow conditions, while site V4 was sampled before the flood (§ 3.2.3). 
The Mo pattern in the Vistula river may therefore be simply due to such hydrological 
variability. 
Finally, the Kd variations for As, Mo, Sb and U at MA sites reflect the complex 
controls of the behaviour of these elements in the Sebou-Fez system as discussed in § 6.1.4 
and 6.1.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6. Values of partition coefficients (Kd)  for As, Mo, Sb, and U at selected sites. Vertical bars indicate 
one standard deviation. Note that errors are generally 1 - 2 order of magnitude lower that the corresponding 
mean Kd values and are sometimes difficult to appreciate on the graph.  
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7.2.5. V and Cr 
The Kd values for V (Fig. 7.7) tend to be somewhat higher (order 104-105) than those 
for the other oxyanions. The higher affinity of V for SPM follows from the presence of 
high V concentrations in some rock types (Table 1.1). The presence of this "geological" V, 
unless accompanied by a concomitant increase in the total filterable phase, obviously 
increases the Kds as it is the case at sites D1, D2, Po1, Po2 and possibly V1 and V2 (see § 
6.1.4). On the other hand, the high Kd for V observed at site MA2 is possibly due to 
increased V adsorption onto some components of SPM (e.g. Fe oxides) following the 
decrease of pH from 8.4 at site MA1 to 7.3 at site MA2. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.7. Values of partition coefficients (Kd)  for Cr and V at selected sites. Vertical bars indicate one 
standard deviation. Note that errors are generally 1 - 2 order of magnitude lower that the corresponding mean 
Kd values and are sometimes difficult to appreciate on the graph.  
 
The discussion of Kd values for total Cr is difficult since the two Cr redox forms (see § 
6.1.5) behave differently with regard to adsorption/desorption reactions onto SPM. Ideally 
Kd should be determined separately for Cr(III) and Cr(VI), whose proportions vary 
depending on environmental conditions and, if applicable, the type of anthropogenic 
inputs. Furthermore, the presence of mafic and ultramafic rocks (or other solid phases 
bearing immobile Cr) at some of the sampling sites (see § 6.1.5 and 6.1.6) also contribute 
to the observed variations (Fig. 7.7). Alternatively, Cr(III) can progressively be transferred 
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from the total filterable to the particulate phase and hence increase the Kd values; 
especially at polluted sites. However, strong anthropogenic contamination can also add 
significant Cr amount to the total filterable phase (a situation typical of polluted rivers, 
Salomons and Förstner, 1984) as it is shown by the lower Kd values at sites MA3 and MA4 
compared with MA1 and MA2. 
 
7.2.6. General discussion and concluding remarks 
At the end of this section, the different spatial and temporal scales for the various 
systems deserve to be mentioned, since they can potentially affect element partitioning and 
partition coefficients (§ 7.1). The residence times in the Czorsztyn reservoir are obviously 
longer than for the other lotic environments examined in this study. Although 
sedimentation processes will rapidly remove very large particles, smaller sized SPM can 
possibly stay in suspension for longer periods and become enriched in particle reactive 
trace elements, especially if co-precipitation with Mn oxides occurs.  
As to the lotic systems, site D2 is located very close to one of the main pollution 
sources in the Dunajec basin (the village of Waksmund, see Fig. 3.2) and the polluting 
inputs of Cr (and other elements) are unlikely to have achieved an equilibrium with respect 
to partitioning partitioning at the sampling point. In a similar way, but on a larger scale, the 
mixing process between the Lambro (site Po3) and Po rivers (sites Po1 and Po2) is not 
complete as far as 21 km downstream from their confluence and non-steady state 
conditions are likely to exist at site Po2 (about 10km downstream from the confluence).  
In the Vistula-Przemsza system, water mixing should be relatively complete, since , 
based on annual averages, the 2 rivers have rather comparable flows (see Guéguen and 
Dominik, 2003). However, due to the presence of salt and metal inputs from groundwater, 
the upper course of the Vistula river is unlikely to be in a steady state situations with 
respect to major ions and trace metals. Lack of steady state conditions is also possible in 
the Sebou-Fez system especially at site MA2 (see e.g. section 6.2 and the previous 
paragraphs of this section).  
This brief discussion clearly highlights that the assumption of steady state conditions, 
upon which the use of Kd relies, may not always be fulfilled in natural systems. In this 
context, the use of more elaborate partition coefficients such as Kp, Kc, and Kpc (which are 
presented and discussed in the next sections) can provide additional information on the 
affinity of trace elements particulate, colloidal and truly dissolved phase.  
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7.3. Particulate vs. truly dissolved elements: the Kp  
The rationale behind the use of Kp coefficients (formula 4d) is that the conditional 
variability of Kd values (including the p.c.e.) may arise mainly from the between-site 
differences in the quantity of colloidal bound elements. Such differences would be 
corrected for by the use of Kps.  
For elements significantly associated with colloids such as Al (30-80% of the total 
filterable concentration), Pb (60-90%), and Ti (30-100%, not shown), the Kp values can be 
as much as one order of magnitude higher than the corresponding Kd (Fig. 7.8). Note that, 
especially for Al and Pb, some losses where observed during the TFF procedure (see Fig. 
4.2 and appendix 4). However Kp calculations should be reliable given that the losses seem 
to have occurred in the colloidal phase (see appendix 4), which does not affect the truly 
dissolved concentrations necessary to estimate Kps. For the other elements, the absolute 
difference between Kd and Kp values depends on the degree of association with colloids 
(see section 6.1). Kds and Kps can obviously reduce to the same value when practically no 
colloidal fraction for an element is present, as it happens for Mn and oxyanions at most 
sites (§ 6.1.2. and 6.1.4) and also for Zn in the Vistula river (samples Lipo to Tyni).  
The comparison among Kds and Kps for the various elements (Fig. 7.8) shows that, in 
some instances, the use of Kp can actually eliminate (or greatly reduce) between site 
variability within systems (e.g. Al at site Po1, Po2, Po3 and V2-V3; Pb at sites V3-V4 and 
MA2-MA4). On the other hand, the observed variations of Kp coefficients often mirror the 
Kd patterns (Fig. 7.8), suggesting that other factors, besides the variations in colloidal 
metal pools, are responsible for the observed changes in partition coefficients. 
 This non constancy of Kps has also been observed in other studies, e.g. Benoit et al. 
(1994) and Benoit and Rozan (1999) who also failed to obtain constant partition 
coefficients for a number of estuarine or riverine environments. Explanations (and, in some 
cases, solutions) for this inability of Kps to correct for the variability of partition 
coefficients are given in section 7.6 where Kpcs are discussed. 
 
7.4. Relative affinity for the particulate and colloidal phase: Kp vs. Kc 
The comparison between Kps and Kcs offers an interesting opportunity to assess 
whether, at a given sampling point, one element has higher affinity for SPM or CSS. This 
knowledge can be important when information on the most likely environmental fate of 
polluting inputs is needed. An element preferring SPM can in fact be introduced into an 
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aquatic system in the colloidal or truly dissolved phase, but, depending on the time scales, 
will tend to become progressively associated with SPM. In such cases, removal to bed 
sediments (i.e. local or medium-distance impact) is then to be expected. Conversely an 
element having higher affinity for CSS will possibly be transported downstream of the 
source as far as e.g. the estuarine zone of a river (i.e. a long distance impact is possible). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8. Comparison of Kd vs. Kp across sampling locations for selected elements. Vertical bars indicate 
one standard deviation. Pb, Zn and Mo values missing for site D1. Note that errors are generally 1 - 2 order 
of magnitude lower that the corresponding mean Kd and Kp values and are sometimes difficult to appreciate 
on the graphs. Sites Lipo to Tyni: data from Guéguen and Dominik (2003), no errors available. 
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Based on theoretical expectations, and assuming partitioning to be primarily controlled 
by adsorption / desorption reactions, elements should have a higher affinity for CSS, since 
smaller particles have a larger surface area available for metal complexation (Duursma and 
Carroll, 1996). 
In this work, the difference between the Kp1 and KcTot (§ 4.7.1) will be taken as a 
measure of the relative affinity for SPM vs. CSS. Positive and negative values of this 
difference would then indicate higher affinity for SPM and CSS respectively.  
 
7.4.1. Al, Ti, and Pb 
Note that, for these elements, Kp10 and Kc10 have sometimes been used for calculating 
the Kp - Kc differences because of unacceptable mass balances for the 1kDa cartridge . 
Al (Fig. 7.9) clearly "prefers" SPM in agreement with its mainly terrigenous origin 
although sites affected by acid-mine drainage would clearly exhibit a different behaviour 
(e.g. Schemel et al., 2000). Similar observations were obtained for Ti (not shown), but the 
high number of unacceptable mass balances (Fig. 4.2. and appendix 2) prevents a definitive 
conclusion.  
Pb generally seems to occur mainly in association with SPM (§ 6.1.3, 6.1.6, and 6.1.8), 
although a predominant association with CSS is found for sites Po1, Po2, and V1. The 
relative affinity of Pb for SPM can become very high at some sites located downstream the 
region of Pb/Zn mines in the Vistula river (i.e. Chel and Tyni; Fig. 7.9), where pure 
mineral Pb phases (PbS) or at least Pb enriched particles surely occur. Based on the 
synthesis of Li (1991), Pb is one of the few elements which, in oceanic waters, tends to be 
concentrated in SPM via oxidative uptake (i.e. Pb2+ is oxidised to Pb+4 which shows 
enhanced adsorption onto hydrous iron oxides). While such behaviour may retain a certain 
validity in continental surface waters, deviations from the "oceanic pattern" are not 
surprising because of the differences in space and time scales  (Fig. 7.1). 
 
7.4.2. Fe and Mn 
Mn shows a marked affinity for SPM at site D1 (Fig. 7.10), most probably because of in 
situ Mn precipitation in the Czorsztyn reservoir (see section 6.3). At other sites, particulate 
Mn prevails only at sites Po1, Po2 and MA1. River waters at Po1 and MA1 are well 
oxygenated favouring the presence of oxidised Mn; while, at site Po2, precipitation 
processes can transfer Mn from the truly dissolved to the particulate phase via colloidal 
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pumping (see section 6.2, § 6.2.4). The Kp - Kc differences for Mn are 1-2 order of 
magnitude smaller than those for Al, in agreement with the lower crustal abundance of Mn 
(Table 1.1). No appreciable differences are observed with respect to SPM vs. CSS affinity 
at the other sites. In some cases (Po3, MA2, MA4 and in the Vistula river), over 95% of 
total filterable Mn is actually in the truly dissolved phase (Fig. 6.1c). The corresponding Kp 
- Kc differences therefore have only a qualitative value since Mn actually has the highest 
"affinity" for the truly dissolved phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9. Scatterplot of the differences between the Kps and KcTots for Al and Pb at the different sites. 
Positive differences indicate higher elemental affinity for SPM; while negative differences suggest a 
preference for CSS. Vertical bars (not always visible) indicate the error on the difference. The horizontal 
dashed lines delimit the interval ± 106 with respect to 0 (solid horizontal lines). The differences reported in 
the graph are Kp1 - KcTot except for Po1 and Po (Al and Pb) and V4 (Pb only). In these cases Kp10 - Kc10 have 
been used. Sites Lipo to Tyni: data from Guéguen and Dominik (2003), no errors available. 
 
Similar observations apply to Fe which mirrors quite well the Mn behaviour (Fig. 
7.10) except for sites V1-V4. At site V1 Fe has a higher affinity for CSS possibly because 
of the presence of pedogenic Fe-rich colloids eroded from the floodplain soil under the 
high flow conditions encountered during sampling. Site V1 actually has one of the highest 
percentages of colloidal Fe (about 60%, see Fig. 6.1c) which, coupled with the rather low 
estimated colloidal mass (Table 7.1), increases the Kc over the Kp value. Similarly, the 
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relative changes in the concentrations of SPM and CSS (see appendix 1 and table 7.1) are 
responsible for the Kp - Kc fluctuations at site V2, V3, and V4.  
It must also be noted that Mn and, above all, Fe can form coatings onto other particles 
(e.g. silicates, carbonates, clays). This phenomenon can be partly responsible for the 
observed high affinity of these two elements for SPM under oxic conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10. Scatterplot of the differences between the Kp1 and KcTot for Fe and Mn at the different sites. 
Positive differences indicate higher elemental affinity for SPM; while negative differences suggest a 
preference for CSS. Vertical bars (not always visible) indicate the error on the difference. The horizontal 
dashed lines delimit the interval ± 5*104 with respect to 0 (solid horizontal lines). Sites Lipo to Tyni: data 
from Guéguen and Dominik (2003), no errors available. 
 
7.4.3. Trace elements (Co, Cu, Ni, Zn) 
Co and Ni (Fig. 7.11) partly follow the behaviour of Mn and Fe, which are well known 
carriers for these elements (Tessier et al., 1985; 1996; Marshall and Fairbridge, 1999). No 
partition coefficients are provided for Co at site D2 since no particulate Co could be 
detected by ICP-MS analysis after mineralisation (see section 4.3). Ni and Co show a very 
high affinity for CSS at site V1 possibly following an association with colloidal Fe (see § 
7.4.2). Similarly Ni prefers CSS at sites D2, V2 and MA3 although Kp - Kc differences are 
smaller than for V1 (in the order of 104). Sites D2 and MA3 have low particulate Ni 
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content (appendix 6) and 30-50% of total filterable Ni in the colloidal pool. This 
combination tend to lower the Kp values more than the corresponding Kc; which results in 
a larger negative difference between the two values. At sites Po1 and Po2, the high Ni 
concentration in SPM due to the presence of (ultra)mafic rocks in the Po basin (Venturini 
et al., 1996; Amorosi et al., 2002 and Table 1.1) increases the background concentration of 
this element in  SPM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.11. Scatterplot of the differences between the Kp1 and KcTot for Co, Cu, Ni, and Zn at the different 
sites. Positive differences indicate higher elemental affinity for SPM; while negative differences suggest a 
preference for CSS. Vertical bars (not always visible) indicate the error on the difference. The horizontal 
dashed lines delimit the interval ± 5*104 with respect to 0 (solid horizontal lines). Sites Lipo to Tyni: data 
from Guéguen and Dominik (2003), no errors available. 
 
Cu and Zn generally show either comparable affinity for SPM and CSS or a higher affinity 
for CSS (Fig. 7.11). Major exceptions include MA2, Lipo, Chel, Tyni. At site MA2, a 
range of mechanisms (see § 6.2.5) may actively transfer Cu and Zn onto SPM. At Lipo the 
combined effect of relatively low truly dissolved Cu and Zn concentrations (Guéguen and 
Dominik, 2003) and low SPM concentration with respect to CSS (see table 7.1) increase 
Kp values over Kc ones, giving a higher affinity for SPM. At Gora-Tyni sites the positive 
Kp-KcTot differences are due to the very low colloidal trace metal concentrations. As 
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already seen for Mn, Cu and Zn at these sites actually have the highest "affinity" for the 
truly dissolved phase. 
 
7.4.4. Oxyanions (As, Mo, Sb, U) 
 The oxyanions As, Mo, Sb, and U generally show higher affinity for colloids (Fig. 
7.12) because of the little contribution of the particulate phase (less than 20%) to the total 
concentrations (section 6.1.6 and Fig. 6.2). Note however that, with the exception of the 
Sebou-Fez system (see below), these elements mainly occur in the true solution (§ 6.1.4 
and 6.1.6) 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.12 Scatterplot of the differences between the Kps and KcTots for oxyanions at the different sites. 
Positive differences indicate higher elemental affinity for SPM; while negative differences suggest a 
preference for CSS. Vertical bars indicate the error on the difference. The horizontal dashed lines delimit the 
interval ± 5*103 with respect to 0 (solid horizontal lines). 
 
In the Sebou-Fez system, the oxyanions seem to prefer SPM at site MA2 and CSS at 
sites MA1 (with the exception of As) and MA3. At site MA4, a contrasting behaviour is 
observed for As + Sb (larger affinity for SPM) and Mo + U (larger affinity for CSS; Fig. 
7.12).  
At site MA1, the presence of significant (at least 20%) colloidal pools of oxyanions 
(see Fig. 6.1d and the discussion in § 6.1.4) and the low colloidal mass (Table 7.1) increase 
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the Kcs over the Kps. At the opposite, the large colloidal mass (about 50 mg L-1; table 7.1) 
at site MA2 decreases Kc values and yields positive Kp vs. Kc differences.  
At site MA3, colloidal oxyanions represent 40-50% of the total filterable 
concentrations and the affinity for CSS remains higher than for SPM (Fig. 7.12), despite 
the relatively high particulate concentration of these elements at this site (see appendix 6). 
In this case, both the element distribution and the relative abundance of SPM and CSS 
masses contribute to determine the relative affinity of the elements for the two phases. 
Finally, at site MA4, the different behaviour of As + Sb (higher affinity for SPM) vs. 
Mo + U (higher affinity for CSS; Fig. 7.12) is possibly linked to the higher contribution of 
particulate As and Sb (about 30-35%) to the total concentration with respect to Mo and U 
for which particulate concentration is about 20% of the total (see Fig. 6.2).  
 
7.4.5. V and Cr 
Vanadium (Fig 7.13) tends to follow the pattern of Fe with which it is significantly 
correlated (p < 0.01) in both the total filterable and colloidal phases (see § 6.1.1.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.13. Scatterplot of the differences between the Kps and KcTots for V and Cr at the different sites. 
Positive differences indicate higher elemental affinity for SPM; while negative differences suggest a 
preference for CSS. Vertical bars (not always visible on the graph scale) indicate the error on the difference. 
The horizontal dashed lines delimit the interval ± 5*104 with respect to 0 (solid horizontal lines). Sites Lipo 
to Tyni: data from Guéguen and Dominik (2003), no errors available. 
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Cr tends to exhibit higher affinity for SPM except at sites V1-V4 (comparable affinity 
for SPM and CSS) and D2, Po3, and MA3 (higher affinity for CSS; Fig. 7.13). In these 
latter cases, colloidal Cr largely predominates over the truly dissolved and, as already seen 
for some elements, the relative affinity for SPM vs. CSS is determined by the combined 
effects of element distribution and relative abundance of SPM and CSS masses. Note that 
the general larger affinity of Cr for SPM can be due to both geological factors (eg. Po1 and 
Po2) or to the predominance of Cr(III) in many of the system considered in the present 
study (see § 6.1.5 and 6.2.5). 
 
7.4.6. General discussion and concluding remarks 
 With the possible exception of Al, Ti, and Pb, which seem to show a general 
preference for SPM (although for different reasons, see § 7.4.1); the relative affinity of 
trace elements for SPM vs. CSS varies in response to:  
- the factors influencing element distribution (e.g. pH, conductivity, percentage 
oxygen saturation, see section 6.1),  
- the relative abundance of SPM and CSS masses (see appendix 1 and table 7.1), 
- the nature of colloidal material (e.g. natural pedogenic colloids vs. 
anthropogenic colloidal organic matter), and  
- geological factors  
Given such large number of general and system specific factors involved in 
determining the affinity of trace elements for the different phases; the between system 
variability of the Kp - Kc differences is not surprising. On the other hand, the use of Kp - Kc 
can be a useful tool for the rapid evaluation of within system changes in element affinity 
for SPM vs. CSS following naturally or anthropogenically driven changes in 
environmental conditions. 
 
7.5. Relative affinity for different colloidal pools: Kc10 vs. Kc1 
 
7.5.1. Introduction 
A comparison analogous to that presented for SPM vs. total CSS can be performed for 
different classes of colloidal matter; i.e. HMW and LMW colloids. The added value of 
using the Kc coefficients instead of the simple element distribution between HMW and 
7.5. Relative affinity for different colloidal pools 
 
 
143
D
1
D
2
P
o1
P
o2
P
o3 V
1
V
2
V
3
V
4
M
A
1
M
A
2
M
A
3
M
A
4
K
c1
0 
- K
c1
-1e+6
0
1e+6
2e+6
3e+6
4e+6
5e+6
6e+6
Al 
Ti 
Pb 
LMW colloids resides in the fact that Kc take into account the variations in the masses of 
CSS for the different size fractions (see table 7.1). 
The following discussion will be restricted to those cases where acceptable mass 
balances for both TFF cartridges were obtained. When no colloidal elemental 
concentrations could be measured for one of the cartridges (but mass balances were 
acceptable), the corresponding single Kc was equalled to 0 so that the Kc10 - Kc1 difference 
could still be used to determine the relative affinity for HMW vs. LMW colloids.  
Analogous to the case of Kp vs. Kc, positive values of the difference Kc10 - Kc1 indicate 
higher affinity for HMW colloids while the opposite (higher affinity for LMW colloids) is 
true for negative differences. This kind of comparison must be interpreted with cautions if 
large differences are present between the pre-filtered water aliquots used for fractionation 
by the 10 kDa and 1 kDa cartridge (e.g. sites V3 and MA3; see § 6.1.1) 
 
7.5.2. Al, Ti and Pb 
For Al, Ti, and Pb the Kc10 vs. Kc1 comparison (Fig. 7.14) is possible only for few sites 
given the high number of unacceptable mass balances (at least for 1 of the cartridge) which 
was found for these elements (Fig. 4.1 and appendix 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.14. Scatterplot of the differences between the Kc10s and Kc1s for Al, Ti, and Pb at the different sites. 
Positive differences indicate higher elemental affinity for HMW colloids; while negative differences suggest 
a preference for LMW colloids. Vertical bars (not always visible on the graph scale) indicate the error on the 
difference. The horizontal dashed lines delimit the interval ± 1*105 with respect to 0 (solid horizontal lines). 
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The available data would indicate a higher affinity for HMW in agreement with the 
probable terrigenous origin of Al and Ti and with the possible association of Pb with clays 
and/or Al hydroxides (§ 6.1.3 and Vignati and Dominik, 2003). A possible exception is 
represented by site MA4, where Al, Ti, and Pb have comparable affinity for HMW and 
LMW colloids possibly because of anthropogenic inputs of these elements in association 
with LMW colloids. 
 
7.5.3. Fe and Mn 
Fe and, to a lesser extent, Mn (Fig. 7.15) have higher affinity for HMW colloids 
(except at site MA1 - see below), in agreement with their distribution among phases (§ 
6.1.1.3 and Fig. 6.1c) and with their ability to form mineral colloidal phases of rather large 
size (see Fig. 1.3). Results for Mn at sites Po3, V2, V3, V4, MA2, and MA4 are not given 
since, at these sites, colloidal Mn accounted for less than 5% of the total filterable 
concentrations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.15. Scatterplot of the differences between the Kc10s and Kc1s for Mn and Fe at the different sites. 
Positive differences indicate higher elemental affinity for HMW colloids; while negative differences suggest 
a preference for LMW colloids. Vertical bars (not always visible on the graph scale) indicate the error on the 
difference. For both graphs the horizontal dashed lines delimit the interval ± 5*104 with respect to 0 (solid 
horizontal lines). 
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At site MA1 Fe and Mn show a higher affinity for LMW colloids. This would reflect 
the presence of different Fe colloidal mineral phases with respect to D2, Po sites and, for 
Fe, sites V2, V3 and V4. The comparable affinity of Fe for HMW and LMW colloids at 
sites MA3 and MA4 can be linked to the coexistence of different Fe colloidal amorphous 
phases of varying sizes (Fig 1.3 and Buffle, 1988).  
 
7.5.4. Trace metals (Co, Cu, Ni, Zn) 
The trace metals Co, Cu, Ni, and Zn generally have a higher affinity for HMW colloids 
at sites D2, Po1, and Po2 (Fig. 7.16). Statistically significant correlation exists between 
these elements and Fe in the total colloidal phase (p < 0.01 for Co and Ni; 0.05 for Cu; and 
0.1 for Zn); which may point to an association with Fe oxides. However, pure colloidal 
phases are unlikely to occur in the systems under consideration and such correlation may 
be mediated by adsorption of OC onto Fe bearing particles (see chapter 6 and Warren and 
Haack, 2001). At site Po3, anthropogenic inputs apparently increase the affinity of trace 
metals for LMW colloids and, except for Cu, these elements show comparable affinity for 
HMW and LMW (Fig. 7.16). For sites V3-V4, the truly dissolved phase actually 
predominates at sites V3 and V4 except for Ni. At site MA1, this element seems to be 
associated with Fe which also shows a larger affinity for the LMW fraction at this site. 
With few exceptions (e.g. Ni at V4 and MA4; Cu at Po3) these trace elements tend to have 
uniform behaviour at the same site. This observation would indicate that their affinity for 
the two colloidal pools is actually determined by the characteristic of the pools themselves, 
rather than by element specific properties. These element specific properties can however 
influence the general picture, as it is the case of Ni which is the only element of this group 
to have measurable HMW and LMW colloidal pools at site V4. 
 
7.5.5. Oxyanions (As, Mo, Sb, U) 
No big differences are generally seen in the affinity for HMW and LMW colloids for 
these elements (Fig. 7.17); in agreement with their general occurrence in the truly 
dissolved fraction except at MA sites (see Fig. 6.1d).  
The larger affinity of oxyanions for LMW at sites MA1 and, to a much lesser extent, 
MA4 follows from the combined effect of the element distribution (see Fig. 6.1d) and the 
low LMW colloidal masses (especially at site MA1, see table 7.1). The large standard 
deviations of the differences at site MA1 are caused by the low element concentrations 
(and large associated errors) in the HMW fraction. 
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Figure 7.16. Scatterplot of the differences between the Kc10s and Kc1s for Co, Cu, Ni, and Zn at the different 
sites. Positive differences indicate higher elemental affinity for HMW colloids; while negative differences 
suggest a preference for LMW colloids. Vertical bars (not always visible on the graph scale) indicate the 
error on the difference. For both graphs the horizontal dashed lines delimit the interval ± 5*104 with respect 
to 0 (solid horizontal lines). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.17. Scatterplot of the differences between the Kc10s and Kc1s for As, Mo, Sb, and U at the different 
sites. Positive differences indicate higher elemental affinity for HMW colloids; while negative differences 
suggest a preference for LMW colloids. Vertical bars (not always visible on the graph scale) indicate the 
error on the difference. For both graphs the horizontal dashed lines delimit the interval ± 5*104 with respect 
to 0 (solid horizontal lines). 
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7.5.6. V and Cr 
V and Cr generally show comparable affinity for HMW and LMW (Fig. 7.18). 
Vanadium result for site Po2 is of qualitative value since colloidal V concentration in the 
Lambro-Po system is less than 5% (Fig. 6.1d). On the other hand, the higher affinity of V 
for HMW at site V2 and for LMW colloids at site MA1 well reflect V distribution (Fig. 
6.1d) and the associated variations of colloidal masses. 
With respect to Cr, major differences in the affinity for colloidal pools include no 
LMW colloidal Cr at site Po2 (the value in Fig 7.18 is the Kc10), high affinity for HMW at 
site Po3 (see discussion in § 6.1.1.5) and high affinity for LMW colloids at MA1 and 
MA3. In the case of this last site, remember the caveats linked to the large differences in 
the aliquots of prefiltered water used for TFF fractionation (§ 7.5.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.18. Scatterplot of the differences between the Kc10s and Kc1s for V and Cr at the different sites. 
Positive differences indicate higher elemental affinity for HMW colloids; while negative differences suggest 
a preference for LMW colloids. Vertical bars (not always visible on the graph scale) indicate the error on the 
difference. For both graphs the horizontal dashed lines delimit the interval ± 5*104 with respect to 0 (solid 
horizontal lines). 
 
7.5.7. General discussion and concluding remarks 
The compilation of Kc10 and Kc1 is not a redundant representation of the element 
distributions presented in chapter 6, since calculation of Kcs takes into account the relative 
proportions of the colloidal masses in the HMW and LMW fraction.  
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Site MA4 can be used to illustrate how the use of Kcs (and differences between them) 
can improve the understanding of metal distribution among the different colloidal pools. 
Let us consider the distribution of Cu in some detail. Figure 6.1c shows that, at site MA4, 
LMW Cu accounts for 6.6 ± 1.3 µg L-1 (see also appendix 4), corresponding to 17% of the 
total filterable concentration. At the same site, HMW Cu is 20.8 ± 1.5 µg L-1; i.e. about 
33% of the total filterable concentration. On a simple percentage basis, HMW Cu is 
therefore twice as much as LMW Cu. This means that colloidal Cu is predominantly 
transported in the HMW fraction, but does not tell anything about the actual affinity of Cu 
for the two colloidal pools.  
At site MA4, the HMW colloidal mass is almost twice the LMW mass (Table 7.1). If 
Cu concentrations are now expressed in µg of metal for g-1 of colloidal matter, we obtain 
around 350 µg Cu g-1 of colloidal matter for both HMW and LMW fractions (RSD are 
below 20%). The Kc1 is then larger than the Kc10 (elemental concentration are usually 
lower in the permeate of the 1kDa cartridge, see formula 4e); that is Cu has a higher 
affinity for LMW colloids in better agreement with the expected higher complexing 
capacity of smaller colloids (Duursma and Carroll, 1996).  
Of course the variations in environmental factors, the presence of organic coatings on 
mineral particles and /or the absence of steady state conditions often determine deviations 
from the theoretical expectations (see section 6.1). 
 As a final warning, it must be noted that the simple size-based separation between 
HMW and LMW colloids provided by TFF does not take into account the fact that 
different type of colloids, besides having variable affinity for trace metals, react differently 
to environmental parameters (e.g. Wilkinson et al.,1997). Furthermore, the actual cut-off of 
TFF fractionation does not generally correspond to the nominal one (Guo et al., 2000b; 
Guéguen et al., 2002) and can vary depending on the shape of colloidal molecules 
(Santschi et al., 1998). Without preventing the study of operationally defined HMW vs. 
LMW colloidal fraction, such considerations must always be given due attention when 
trying to determine the affinity of elements for different colloidal pools on the basis of TFF 
results. 
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7.6. Searching for constant apparent partition coefficients: the Kpc 
The previous sections demonstrate that the observed differences in the partition 
coefficients can originate from factor other than the presence of a colloidal elemental pool 
(see also section 6.1). In such situations, even with the use of Kpcs (formula 4f) is therefore 
unlikely to yield constant partition coefficients for sampling sites located in contrasting 
aquatic environments. One less ambitious, but still very intriguing possibility, remains to 
verify whether the use of Kpc results in constant conditional partition coefficients within a 
single system. This is the objective of the present section. 
 
7.6.1. Al, Ti and Pb 
The Kpcs for these elements (Fig. 7.19 and 7.20) could not be calculated for all sites 
because of some unacceptable mass balances (only the 1kDa cartridge is relevant here; see 
appendix 4 and Fig. 4.2). In the case of Al, the use of the Kpc reduces the variability of 
partition coefficients among sites V2, V3, and V4 from about 6-fold (for Kds) to 2-fold (for 
Kpc). No Kpc estimate is possible for V1 due to unacceptable TFF mass balance. The 
stability of Al partition coefficients is also improved at MA sites where the max/min ratios 
for the coefficients (sites MA2-MA4 only) decreases from 5.3 for Kd to 2 for Kpc.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.19. Scatterplot of Kpc partition coefficients (see formula 4f) for Al and Ti at the various sampling 
sites. 
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A similar pattern is observed for Ti. Note that the low Ti partition coefficient at site 
Po3 is not corrected by the Kpc since it is determined by the differences in basin geology 
between the Po and Lambro basin. 
In the case of Pb,  the Kpcs pattern (Fig. 7.20) does not appreciably differ from that of 
the Kds (see Fig. 7.4), suggesting that factors other than the variable presence of colloidal 
Pb (e.g. the Pb/Zn mines in the Vistula basin) are also responsible for the observed 
variability of partition coefficients for this element. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.20. Scatterplot of Kpc partition coefficients (see formula 4f) for Pb at the various sampling sites. 
Sites Lipo to Tyni: data from Guéguen and Dominik (2003), no errors available. 
 
7.6.2. Fe and Mn 
The Kpc values for Fe and Mn mirror the respective Kd patterns with some minor 
differences in absolute values (Fig. 7.21), indicating that the observed variability of 
partition coefficients is due to factor other than the presence of colloids and associated 
elements. Both Fe and Mn are actually likely to be far from steady state conditions at many 
of the sites considered in this study. For Fe, this can follow from the presence of refractory 
particulate Fe which does not take part in establishing the partitioning equilibria. On the 
other hand, Mn partitioning is affected by reduced oxygen levels (Po3, MA2-MA4), 
precipitation of Mn oxides (D1) and inputs from groundwaters (Vistula system). Constant 
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partition coefficients are unlikely to be obtained in such situations where partitioning is 
possibly kinetically rather than thermodynamically controlled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.21. Scatterplot of Kpc partition coefficients (see formula 4f) for Fe and Mn at the various sampling 
sites. Sites Lipo to Tyni: data from Guéguen and Dominik (2003), no errors available. 
 
7.6.3. Trace metals (Co, Cu, Ni, Zn) 
For Cu and Zn (Fig. 7.22), the use of Kpc further uniforms the values of partition 
coefficients (the min/max ratio decreases from around 3 for Kds to less than 1.5 for Kpcs) at 
the Po sites suggesting that the fluctuations is the element colloidal pool may be the 
principal cause of the variations of partition coefficients Lambro-Po system (see also 
Vignati et al., 2004). A similar situation occurs in the Sebou-Fez system (MA sites) where 
the large differences among the Kds at the different sites (min/max ratio is 28 for Cu and 
17 for Zn) are much reduced (4.7 and 3.2 respectively) by the use of the Kpc coefficients. 
However, the residual variability points to the possible presence of other process 
contributing to the final outcome of partitioning at MA sites. Finally, in the Vistula river 
(sites V1-V4 and Lipo-Tyni), the use of Kpc does not yield appreciable changes with 
respect to Kd since the truly dissolved fraction predominates at many sites (see previous 
sections and § 6.1.3). 
As to Co and Ni (Fig. 7.22), Kpcs exhibit approximately the same variation as Kd and, 
as seen for Fe and Mn, variations in partition coefficients are therefore not directly linked 
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to colloids and colloidal metals. For example, the very high Kpc values at sites Po1 and Po2 
are due to the presence Ni rich rocks in the Po basin (Amorosi et al., 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.22. Scatterplot of Kpc partition coefficients (see formula 4f) for Co, Cu, Ni, and Zn at the various 
sampling sites. Sites Lipo to Tyni: data from Guéguen and Dominik (2003), no errors available. 
 
7.6.4. Oxyanions (As,Mo, Sb, U) 
In the case of oxyanions, the utility of Kpcs is particularly marked for the Sebou-Fez 
system (MA sites), where the colloidal fraction of these elements is often unusually large 
(around 40%) than it would be expected (see § 6.1.4). When Kpc are used, quasi-constant 
partition coefficients are obtained across sites MA1-MA4 (Fig. 7.23). Only the U partition 
coefficient at site MA1 remains larger by about a factor of 2 compared with the other sites. 
This is possibly due to the Fe concentration in the particulate matter at site MA1 (which is 
1.5-4 times higher than at the other sites; see appendix 6) which can be important in 
controlling U partitioning (Langmuir, 1997).  
In the Po river (Po1-Po3 sites), the decreasing trend of Kd values from site Po1 to Po3 
(except for Sb who has constant Kds in the Po system and seems to be at steady state at the 
3 sampling sites) is greatly reduced by the use of Kpcs (min /max ratios are about 5 for Kds 
and less than 2 for Kpcs). Note however that some other factors (e.g. speciation in the truly 
dissolved phase, differences in the redox forms for As and Sb) prevent to achieve a perfect 
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constancy of Kpcs (the errors are very small and the observed differences should retain a 
statistical significance).  
With regard to the Vistula river (sites V1-V4), the use of Kpcs eliminates the 
differences of partition coefficients for As between V1 (i.e. the only site where colloidal 
As is present, Fig. 6.1d) and the other sites. This is not the case for Mo whose decreasing 
trend persist also when Kpc are used (see Fig. 7.23 and compare with 6.1d); but the errors 
are large and care must be taken in interpreting these results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.23. Scatterplot of Kpc partition coefficients (see formula 4f) for As, Mo, Sb and U at the various 
sampling sites. Vertical bars (not always visible on graph scale) indicate one standard deviation. 
 
7.6.5. V and Cr 
In the case of V (Fig. 7.24), the use of Kpcs produces an increase of between-site 
differences in the Vistula river (V sites) and a reduction of the differences in the Sebou-Fez 
system (MA sites). In the Vistula river, the between-site differences are amplified since 
colloidal vanadium is present only at sites V1 and V2 (Fig. 6.1d). At the opposite, in the 
Sebou-Fez, the presence of colloidal V (10 to 40%) seems to play a role in the between-site 
variability of the partition coefficients, since the min/max ratio for Kpcs is 13 vs. 37 for 
Kds. Finally, at Po sites, colloidal V is of little importance (less than 5% of the total 
filterable phase) to affect the outcome of partitioning, and no actual differences are 
observed between the Kpc and the Kd patterns.  
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For Cr (Fig. 7.24) in the Po river, the pattern of Kpc is reversed compared with that of 
Kd with site Po3 having the highest partition coefficient, in agreement with the likely 
predominance of Cr(III) at site Po3 but not at sites Po1 and Po2 (see § 6.1.5). In the Vistula 
river (V sites), Cr behaviour is similar to that of V, with the use of Kpc actually increasing 
the difference of partition coefficients between sites because of the practical absence of Cr 
colloidal pools at sites V3 and V4 (see Fig. 6.1e). Finally in the Sebou-Fez system (MA 
sites), using Kpcs actually increases the min/max ratio among all sites from about 4 for Kd 
to 7 for Kpc. However, the use of Kpc compensates for the differences between sites MA3 
and MA4. These latter have a  Kpc ratio of 1.1 compared with a ratio of about 3 for Kds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.24. Scatterplot of Kpc partition coefficients (see formula 4f) for V and Cr at the various sampling 
sites. Vertical bars (not always visible on graph scale) indicate one standard deviation. Sites Lipo to Tyni: 
data from Guéguen and Dominik (2003), no errors available. 
 
7.6.6. General discussion and concluding remarks 
The previous paragraphs have shown that, in some instances, Kpcs can indeed represent 
the right tool to obtain constant conditional partition coefficients for different sites within a 
system. However, in many cases, even the Kpc still shows quite large within-system 
variability. Besides the possible factors determining non-equilibrium conditions at the 
various sites, this residual variability may be due to the fact that not all the species within a 
7.6. Searching for constant partition coefficients 
 
 
155
phase (see § 1.3.2 and 1.4) equally participates in establishing the partitioning between 
SPM, CSS and true solution.  
For example, Tang et al. (2002) report constant values of partition coefficients for Cu 
in Galveston Bay waters (Texas) when Kd computation is performed using the particulate 
Cu concentration leached by 20 mM methanesulfonic acid vs. the filterable "Free Cu" 
concentration measured by CSV according to the method of Tang et al. (2001).  
In the present study, recalculation of Kpcs using free Cu concentration estimated with 
the speciation model VisualMinteq (see chapter 9 for more details) effectively results in 
constant partition coefficients at sites MA1, MA3, and MA4 (4.42 vs. 5.65 vs. 4.25 - all at 
105 - respectively) but not MA2 (1.34 * 105). These results clearly show that, in some 
instances, constant conditional partition coefficients can be obtained by simultaneously 
considering the presence of colloidal metals and the "free ion" concentration in the truly 
dissolved phase. However, even this rather complex rationale remains inadequate in non 
equilibrium situations such as site MA2 (see section 6.2). Furthermore, this rationale does 
not further improve the situation in the Lambro-Po system (Po sites) and in the Vistula 
river (Lipo - Tyni sites; speciation calculation could not be performed for sites V1-V4 due 
to the lack of information about anions). Similarly, the use of estimated free Co, Ni and Zn 
concentration does not eliminate the between-site differences for the Kpc of these elements.  
It must also be noted that the digestion procedure for particulate material used in the 
present study (concentrated HNO3, § 4.4.2) surely extracts fractions of particulate elements 
which, in the natural environment, would not be taking part into the adsorption / desorption 
equilibria. However, at present, the use of more "gentle" extraction procedures (§ 1.3.2) is 
still subject to too much uncontrolled variation (see e.g. Förstner and Wittmann, 1981; 
Salomons and Förstner, 1984; Kersten and Förstner, 1989; Martin et al., 1987; Förstner, 
1990 and chapter 1). Searching for appropriate and generally applicable procedures for 
extracting the "mobile" metal fractions (i.e. those involved in the adsorption / desorption 
equilibria) must be considered (and is considered, see § 1.3.2) an important development in 
the study of metal partitioning.  
 Finally, another important factor in the variability of partition coefficients is 
represented by the changing behaviour of the different redox form of an element. This 
problem is particularly important in the case of Cr (§ 7.2.5). An example from the Lambro-
Po system (sites Po1, Po2, and Po3) will well illustrate the need to separately study the 
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partitioning of Cr(III) and Cr(VI) if constant conditional partition coefficients for this 
element are to be obtained. 
Pettine et al. (1992) report a predominance of Cr(VI) (around 80%) in the Po river at 
the station of Pontelagoscuro, some 250 km downstream of the sampling area. The same 
proportion can tentatively be applied at site Po1, since Pettine et al. (1996) report similar 
concentrations of total filterable Cr for site Po1 and for Pontelagoscuro and no major 
differences exist between the two sites for major hydrochemical parameters (IRSA, 1991; 
IRSA, 1997).  
Based on the results of Pettine et al. (1992), we would obtain the following 
concentration of particle reactive Cr(III) at site Po1:  
 
0.712 µg L-1 * 0.163  = 0.116 µg L-1 of Cr(III) 
 
where:  0.712 µg L-1 is the total filterable Cr concentration at site Po1 
0.163 is the average proportion of Cr(III) based on the data of Pettine et al. 
(1992) 
  0.116 µg L-1 is the estimated concentration of Cr(III) at site Po1 
 
Based on this estimated Cr(III) concentration, the Kpc value for Cr at site Po1 would 
be 1.34 * 106 and the ratio between Kpcs for site Po1 vs. Po3 around 3.4 (all Cr assumed to 
occur as Cr(III) at the latter site). This is roughly comparable with the corresponding Kd 
ratio of 4.1. In order to obtain comparable Kpc for sites Po1 and Po3, Cr(III) should 
contribute for about 50% of the total at site Po1. Such percentages of Cr(III) have actually 
be observed by Pettine et al. (1992) in some samples collected at the station of 
Pontelagoscuro. 
These limited observations suggest that obtaining within-system constant, 
conditional partition coefficients will require: 
- to explicitly consider the presence of colloids and of colloidally bound metals 
(use of Kpc), 
- to adequately measure, or model, of element speciation (e.g. redox forms and 
"free ion concentration) in the truly dissolved phase, 
- to improve our ability to quantify the particulate metal fraction actually in 
equilibrium with the true solution 
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7.7 Conditional variability of partition coefficients: can we eliminate it? 
Although the Kpc will possibly be improved to a sufficient degree to explain within-
system variability, the problem of between-system variability would probably remain 
unsolved. At the end of this chapter it is therefore very instructive to synthesise what, at the 
present state of knowledge, the partition coefficients can and can not do as descriptors of 
element behaviour in the natural environment.  
The basic point to bear in mind is that the partition coefficient theory requires the 
existence of equilibrium conditions as to adsorption / desorption reactions between trace 
elements and sorptive phases. The effect of environmental factors such as pH, salinity, 
oxygen saturation (see Fig. 7.25) on the Kd values (or on partition coefficient in general) is 
quite well appreciated and understood also on the basis of thermodynamics and laboratory 
studies. For example, talking about cations and keeping all the other factors fixed, a 
decrease in pH would cause an increase in the total filterable (or truly dissolved) element 
concentration because of increased competition between the metal cations and the proton 
for the available sorption sites. Various metals indeed exhibit abrupt changes in their 
sorption behaviour in fairly narrow pH ranges (see e.g. Förstner and Wittmann, 1981; 
Salomons and Förstner, 1984; Stumm and Morgan, 1996). However, the discussion in the 
previous section constantly highlighted that many factors other than adsorption / 
desorption equilibria (and the master variables affecting such equilibria) can cause 
significant variation in the partition coefficients. 
The use of Kpcs can notably compensate for the presence of colloidal metal pools, but 
would still require that equilibrium conditions exist between the truly dissolved metals and 
all the available sorptive surfaces (SPM + CSS). Figure 7.25 recalls that, in natural 
systems, non-equilibrium conditions can easily prevail due to both natural (e.g. peculiar 
rock formations = geological non equilibrium) and anthropogenic causes (e.g. mining and 
sewage inputs = anthropogenic non equilibrium). The temporal variability of partition 
coefficient is also a function of the nature of SPM and colloids which both change with e.g. 
river flow (hydrological non equilibrium). Last but not least, there is a growing 
reconnaissance of the role that living organisms (mainly bacteria) can exert in determining 
metal partitioning in aquatic environments (Warren and Haack, 2001). It is therefore 
evident that the definition of a spatially and temporally constant partition coefficient will 
be achieved only if all the contributing factors will be correctly appreciated and accounted 
for. 
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Figure 7.25. Schematic overview of some of the possible factors which, besides adsorption / desorption 
equilibrium, may contribute to the conditional variability of partition coefficients. 
 
The achievement of this final objective will clearly require a better integration between 
laboratory studies and field observations. Although the former are mandatory to get a 
mechanistic understanding of the processes involved in determining metal partitioning, 
they are clearly unable to reproduce all the factors which, in natural environments, will 
potentially affect partitioning between the various phase. 
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Chapter 8: Relationships between element partitioning  
and master variables 
 
8.1. Introduction 
One possible alternative approach to the correction of the conditional variability of 
partition coefficients (chapter 7) consists in trying to model such variability by defining 
parametric relationships between the coefficients themselves and some master 
environmental variables such as SPM, conductivity, and DOC concentration.  
The most well-known relationship is surely the linear inverse dependence of log Kds 
from log SPM; the so called particle concentration effect (p.c.e.; O'Connor and Connolly, 
1980; Honeyman and Santschi, 1988; Benoit et al., 1994). Other parametric relationships 
have been reported for log Kd vs. salinity (Turner et al., 1993; Turner, 1999) and log Kd vs. 
log (DOC) (Shafer et al., 1999). It is important to acknowledge that the actual statistical 
significance of such relationships has recently been questioned because of some possible, 
previously overlooked, mathematical shortcomings (Berges, 1997; Johansson et al., 2001). 
In particular, Berges (1997) points out that spurious correlation (i.e. the observed 
correlation is a "mathematical artefact" without a real statistical meaning) between 
originally independent variables often occurs when the ratios between variables and/or the 
log-transforms of the variables are used to build parametric relationships between the 
variables themselves (Fig. 8.1).  
Since both ratios between variables (see formula 4c) and log-transforms are involved 
in e.g. the parametric relationship between log Kd vs. log SPM, these mathematical aspects 
must be carefully considered each time that a relationship between partition coefficients 
and SPM (or other related master variables) is sought. The specific case of the log Kd vs. 
log SPM regressions is illustrated below. 
The Kd definition, given in formula 4c, can also be written in the form: 
 
[ ]
[ ] Filterable Total
)in w/V(part
d
Me
SPM
Me
K =         (8a) 
 
which, after taking the logarithms, becomes 
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log(Kd) = log(Me)part - log(Me)Total Filterable - log(SPM)    (8b) 
 
and, finally, by dividing for SPM as it is done when building Kd vs. SPM regression: 
 
1
)SPMlog(
)Melog(
)SPMlog(
)Melog(
)SPMlog(
)Klog( rableTotalFiltepartd --=     (8c) 
 
Formula 8c means that, if Mepart, MeTotalFilterable and SPM are actually independent, a slope 
of -1 will be obtained for the regression log(Kd) vs. log(SPM) simply because of 
mathematical reasons. Otherwise stated this means that the focus should be on 
demonstrating that the slope of the Kd vs. SPM regression is not -1, in order to claim the 
existence of a statistically significant regression between the two variables. 
 
 
Figure 8.1. Schematic illustration of the possibility of spurious correlation arising by the use of ratios in 
linear regressions between two independent sets of 500 random numbers (A and B) across the interval 0-10.  
a = plot of A vs. B; b = plot of AB-1 vs. B on linear axis and fitted nonlinear relationship; c = as b but plotted 
on log-log axis (modified from Berges, 1997). 
 
Similarly, Johansson et al. (2001) warn about the possible spuriosity of the 
relationships between Kds and other master variables (e.g. salinity, DOC concentration) 
which may be correlated with SPM. The same authors therefore recommend to perform 
statistical analysis directly on the original variables (in this specific case Mepart, 
MeTotalFilterable, and SPM) or to use the particulate / total filterable ratio vs. SPM so to 
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reduce or avoid the possibility of spurious correlation. In any case, it is clear that these 
statistical pitfalls of Kd vs. SPM regressions should not anymore be ignored. 
Some studies (e.g. Lindström, 2001) show the possibility to evaluate the relative 
importance of spuriosity vs. real correlation for some relationships between Kd and master 
variables. Note that this is not a simple matter of prolonging  the life of the Kd concept. 
Recent studies (Radovanovic and Koelmans, 1998; Benoit and Rozan, 1999; Shi et al.; 
1999), and some evidence presented in this study (see chapter 7), show that the Kd concept 
can, at least in some cases, adequately describe metal behaviour, provided that efforts are 
taken to better refine the measurements of the element fractions taking part in the 
adsorption/desorption equilibria. Furthermore, figure 7.2 in the previous chapter points out 
that the use of particulate vs. total filterable ratio can be misleading since elements having 
high affinity for SPM may be mainly transported in the total filterable phase at low SPM 
concentrations (e.g. oceans and oligotrophic lakes) and vice-versa.  
Another important general problem, connected with building relationships between 
two (or more) variables, is the error associated with model estimates. Traditional least 
squares regression methods make the assumption that data (and errors) are normally 
distributed. In some cases, data can be normalised by transformation, usually taking natural 
or decimal logarithms. However, Reimann and Filzmoser (2000) point out that even 
transformed data will often show non-normal distribution or, in other words, that 
distribution free techniques should preferably be used in environmental studies. Another 
weakness of the least squares regression method is its high sensitivity to data outliers. 
These two phenomena can strongly bias model estimates. 
In an attempt to obtain the least possibly biased results, the following rationale was 
followed in this chapter: 
1) the data distribution was verified 
2) the presence of correlation among master variables was assessed using the 
Spearman correlation test (see chapter 4), in order to avoid the use of two 
correlated predictors in modelling trace element distribution 
3) a robust linear regression model was used to reduce the influence of data 
outliers on modelling results (see § 4.5.3 for details). 
Note that robust linear regression models do not eliminate the need for some type of 
distribution underlying the data; nonetheless they do not require the data distribution to be 
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normal and make less stringent assumptions about the distribution of errors. Furthermore, 
strong biases in the data are detected during the calculation procedure and the user can be 
warned about the exploratory validity of the model estimates (Mathsoft, 1999).  
Application of this procedure will be limited to the most environmentally threatening 
elements: Cu, Ni, Zn, and Pb. Some of the sites examined in the present study were clearly 
affected by strong Cr contamination but, as already mentioned, modelling of Cr 
partitioning should be done separately for Cr(III) and Cr(VI). This element will not be 
discussed here since analysis of redox species is not available for most samples. 
 
8.2. Data distribution 
Although distribution free (also referred to as non-parametric) methods are more 
robust when the data do not fulfil the requirement of the parametric tests, they generally 
perform less well than the corresponding parametric methods if the normality assumption 
is satisfied. Simple as it may be, verification of data distribution represent the first, and still 
often skipped, step for the correct choice of modelling tools. Normal quantile-quantile 
plots (QQ-plots) represent a simple graphical way to check the normality of a data set. In 
this plot type, the ordered values of experimental data are plotted against the corresponding 
quantiles of a standard normal distribution. In practice, the data will reasonably be 
normally distributed when the QQ-plot appears fairly linear.  
In the present context this control was performed on the original data (which were used 
for modelling) and on the "centred" data (see § 4.5.3) which were used to evaluate the 
existence of correlation among variables. The "centred" transformation is always advisable 
when variables measured on different scales are tested for correlation (Davis, 1986). 
Master environmental variables (Fig. 8.2a), total filterable element concentrations (Fig. 
8.2b), and Kd values (Fig. 8.2b) exhibit more or less marked deviation from the normal 
distribution. A similar pattern was obtained if "centred" data were used. The graphical 
results have been confirmed by the Kolmogorov-Smirnov test for normality which was 
always significant (i.e. variables were non normally distributed). Probability of the 
Kolmogorov-Smirnov test was p < 0.2 for pH indicating that deviations for normality were 
actually minor for this variable as graphically shown in Fig. 8.2a.  
Data distribution could be better approximated by a log-normal distribution 
(Kolmogorov-Smirnoff test for log-normal distribution was not significant). This is 
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important for the application of robust linear models which still require the presence of 
some kind of distribution (other than normal) underlying the experimental data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2a. Normal QQ-plots for conductivity (Cond), suspended particulate matter (SPM), dissolved 
organic carbon (DOC) and pH. The black solid lines correspond to the theoretical normal data distribution 
while symbols indicate experimentally measured values. Data from Guéguen et al. (2000) and Guéguen and 
Dominik (2003) have been included (n = 22 - 37). Graphs have been drawn using the software S-PLUS 2000 
(Mathsoft). 
 
8.3. Correlation among variables 
The Sperman correlation coefficients between master variables, total filterable element 
concentrations (Cu, Ni, Zn, and Pb) and their corresponding Kds are reported in table 8.1.  
As to master variables, significant correlation between DOC and SPM (p<0.01) was 
observed, which implies that care must be taken in modelling Kds as a function of DOC 
since spurious correlation may be present (see section 8.1). Alkalinity is not reported in 
table 8.1 since it was not significantly correlated with any other variable.  
The total filterable concentration of the selected elements correlated highly significantly (p 
< 0.01) with conductivity and DOC, with the exception of Pb and Ni respectively (Table 
8.1). Significant correlation was also observed between total filterable Ni, Zn, and Pb vs. 
pH; Ni and Cu vs. SPM; and Ni and Pb vs. percentage O2 saturation (Table 8.1). 
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Figure 8.2b. Normal QQ-plots for the total filterable concentrations and the Kd coefficients of Cu, Zn, Ni, Cr 
and Pb. The black solid lines correspond to the theoretical normal data distribution while symbols indicate 
experimentally measured values. Data from Guéguen et al. (2000) and Guéguen and Dominik (2003) have 
been included. (n= 22 - 37). Graphs have been drawn using the software S-PLUS 2000 (Mathsoft). 
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Table 8.1. Half square matrix of Spearman correlation coefficients for selected master variables, total 
filterable element concentration and Kd values. Non significant values have been omitted. * = statistically 
significant at p < 0.05; ** = statistically significant at p < 0.01. (n = 14 - 46) 
 
 
8.4. Robust linear regression models (RLM) 
Attempts were made to establish linear regressions among master environmental 
parameters vs. total filterable element concentrations (§ 8.4.1) and master variables and Kd 
values (§ 8.4.2). Total filterable concentrations were chosen for modelling purposes since 
their accurate measurements is a function of many factors which are not always easy to 
control (see chapters 4 and 5), especially in very extensive monitoring programs. On the 
other hand, comparable results can be obtained for particulate trace metals even using very 
different techniques such as membrane filtration and CFC (section 5.1).  
It is important to note that the models discussed below are applicable exclusively for 
the sites considered in this study and should not be used for extrapolation to other systems, 
or other river stretches in the same systems (e.g. at the river mouth), without validation. 
Many samples were taken from sites affected by anthropogenic pollution; which means 
that the observed correlation between the selected trace metals and e.g. DOC or 
conductivity may be linked to the simultaneous polluting inputs of organic matter (i.e. 
Lambro-Po system at site Po3; Sebou-Fez system at sites MA2, MA3, and MA4) or salts 
(i.e. Vistula river at sites V1, V2, V3, and V4).  
 
8.4.1. Total filterable trace elements vs. master variables 
On the basis of table 8.1, the possible parametric relationships among total filterable 
element concentrations and correlated master variables were investigated. The most 
statistically significant relationships are discussed below. Note that DOC and conductivity 
DOC pH Cond SPM     O2 sat Ni Cu Zn Pb KdNi KdCu KdZn KdPb
DOC ---
pH ---
Cond 0.576** ---
SPM 0.463** ---
O2 sat -0.793**
Ni -0.453* 0.655** 0.563** -0.569* ---
Cu 0.455** 0.560** 0.349* 0.741** ---
Zn 0.455** -0.479** 0.437** 0.688** 0.786** ---
Pb 0.502** -0.583** -0.481 0.580** 0.445** 0.622** ---
KdNi -0.698** ---
KdCu -0.531** ---
KdZn ---
KdPb -0.492* ---
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could not be used in the same relationship since these two variables are correlated (section 
8.1).  
 
8.4.1.1 Copper 
The best model results were obtained using conductivity: 
 
[Cu]TF = (0.0072 ± 0.0005)*Conductivity       (8d) 
 
(proportion of variance explained = 0.28 on 36 d.f.) 
 
where:  - [Cu]TF is the experimentally measured total filterable Cu concentration 
- d.f. indicate the degrees of freedom 
 
The proportion of variance explained by the model is the analogous of the Pearson 
correlation coefficient r2 in the conventional least squares regression.  
Equation 8d and visual inspection of the regression results (Fig. 8.3) show that quite a 
large portion of variability of the total filterable Cu concentration can not actually be 
explained by conductivity. Including the particulate Cu concentration (in µg g-1) into the 
regression model increases the proportion of explained variance to 60%: 
 
[Cu]TF = (0.015 ± 0.0016)*Conductivity + (- 0.014 ± 0.012)*[Cu]SPM  (8e) 
 
(proportion of variance explained = 0.59 on 27 d.f.) 
 
where [Cu]SPM is the experimentally measured Cu concentration in SPM (appendix 6). 
 
The negative coefficient [Cu]SPM is unexpected and possibly does not indicate any cause-
effect relationship. Considering that [Cu]SPM was not determined for all the location were 
[Cu]TF was measured, the regression fits of equation 8d and 8e must be compared with 
caution as they may not model the same sample population. In this sense, it must be noted 
that the error on the [Cu]SPM coefficient is very large so that the coefficient may not 
significantly differ from 0. 
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Figure 8.3. Scatterplot of experimentally measured vs. modelled total filterable Cu concentrations (log-log 
scale). The dashed diagonal line indicate the perfect 1:1 correspondence between experimental observations 
and model calculated values. Horizontal bar indicate the standard deviation of the experimental values         
(2 replicates, see chapter 4). Vertical bars indicate the standard error of the fit for each point. 
 
8.4.1.2 Zinc 
As in the case of Cu, the model providing the best fit to the experimental data includes 
conductivity and particulate Zn concentrations (in µg g-1): 
 
[Zn]TF = (0.012 ± 0.002) * Conductivity + (0.003 ± 0.0003) * [Zn]SPM   (8f) 
 
(proportion of variance explained = 0.48 on 24 d.f.) 
 
where [Zn]TF and [Zn]SPM are analagous to the above definitions in formula 8d and 8e 
 
Note that the regression coefficient for [Zn]SPM is 1 order of magnitude lower than the one 
for conductivity. This coefficient is important for better modelling those sampling points 
subject to direct input of Zn from mining activity (see chapters 6 and 7) but is negligible at 
the other sites. The point most deviating from the 1:1 regression line include sites with 
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Figure 8.4. Scatterplot of experimentally measured vs. modelled total filterable Zn concentrations (log-log 
scale). The dashed diagonal line indicate the perfect 1:1 correspondence between experimental observations 
and model calculated values. Horizontal bar indicate the standard deviation of the experimental values         
(2 replicates, see chapter 4). Vertical bars indicate the standard error of the fit for each point. 
 
8.4.1.3 Nickel 
The best fitting equation for Ni data could be written as a function of conductivity 
alone:  
 
[Ni]TF = (0.003 ± 0.0002) * Conductivity       (8h) 
 
(proportion of variance explained = 0.61 on 24 d.f.) 
 
The strongest deviations from regression were exhibited by the relatively unimpacted sites 
MA1 and V1 and by site Po3. For MA1 and V1, the same observations as for Zn apply; 
while for Po3 this situation would point to a different origin for the inputs of Ni (e.g. 
electroplating) and salts (e.g. sewage).  
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Fig. 8.5. Scatterplot of experimentally measured vs. modelled total filterable Ni concentrations (log-log 
scale). The dashed diagonal line indicate the perfect 1:1 correspondence between experimental observations 
and model calculated values. Horizontal bar indicate the standard deviation of the experimental values         
(2 replicates, see chapter 4). Vertical bars indicate the standard error of the fit for each point. 
 
8.4.1.4 Lead 
The best predictor of total filterable Pb was the DOC concentration together with the 
particulate Pb concentration (in µg -1)  
 
[Pb]TF = (0.027 ± 0.01) * DOC + (0.0003 ± 0.00017) * [Pb]SPM   (8i) 
(proportion of variance explained = 0.67 on 15 d.f.) 
 
Two points (V2 and MA1) have very large standard deviations associated with 
experimental measurements. This is due to filterable concentrations being given as average 
values of the two aliquot measurements (see § 4.2) which, for these two sites, showed large 
differences. Inclusion of solid phase Pb concentration (input of Pb from mining are present 
in the Vistula region) into the regression is necessary for the same reasons as for Zn. 
However the standard error of [Pb]solid coefficient was rather large and measured total 
filterable concentrations at sites directly receiving anthropogenic inputs of Pb was higher 
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than the modelled one (Fig. 8.6), in agreement with the increase of total filterable metal 
concentration at polluted sites (Salomons and Förstner, 1984). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6. Scatterplot of experimentally measured vs. modelled total filterable Pb concentrations (log-log 
scale). The dashed diagonal line indicate the perfect 1:1 correspondence between experimental observations 
and model calculated values. Horizontal bar indicate the standard deviation of the experimental values         
(2 replicates, see chapter 4). Vertical bars indicate the standard error of the fit for each point. 
 
8.4.2 Kds vs. master variables 
According to table 8.1, conductivity is the only possible variable which may be used to 
model the Kd variability of Cu, Ni, and Pb in the systems under consideration. Figure 8.7 
suggests that Kd values would generally tend to decrease with increasing conductivity.  
This pattern is also in agreement with theoretical expectations since the increased 
competition by major ions should enhance trace metal desorption from SPM (i.e. increase 
the total filterable concentration) and hence decrease Kds. However, the points are quite 
scattered and a single parametric relationship between Kd and conductivity cannot explain 
the entire variability of between-system partition coefficients.  
A trellis plot (Fig. 8.8), in which the relationship between Kd and conductivity is 
"conditioned" by SPM concentration, gives an idea of the possible joint effect of these two 
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Figure 8.7. Scatterplot of experimentally measured Kd values vs. conductivity for Cu (top panel) and Ni 
(bottom panel) for all the available data (log-log scale). Available data from Guéguen and Dominik (2003) 
have been included in the graph for Cu.  
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Dependence of Kd values from salinity and SPM has been reported by e.g. Benoit et al. 
(1994), Benoit (1995), and Turner (1996). However, SPM (and the correlated variable 
DOC) can also result in spurious correlation (see section 8.1). The database available in the 
present study clearly suggest some interesting direction for future work (see chapter 11) 
but it is not large enough to establish definite trends for the Kd patterns.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8. Trellis plot of Kd vs. conductivity values for Cu (all available data). Panels represent the Kd vs. 
conductivity relationships for different SPM concentration ranges. SPM intervals were arbitrary defined by 
the programme. Solid lines represent the fitted robust linear regressions to each data series, but must be 
considered only for exemplification purposes given the low number and high scatter of the point in each 
panel.  
 
8.5. Modelling of truly dissolved concentrations4 
 
8.5.1. General remarks 
Attempts to find general relationship between Kd and master environmental variables 
have a rather long history. The increasing number of ultrafiltration studies expands these 
                                                             
4 Presented at the International Conferences "Heavy Metals in the Environment" (Grenoble, May 2003) and 
"The impact of global environmental problems on continental and coastal marine waters" (Geneva, July 
2003). 
102 103
102 103
Conductivity (µS cm-1)
103
104
105
106
103
104
105
106
K
d 
(L
 k
g-
1 )
SPM: 0.8 to 11.015 SPM: 12.6 to 42.45
SPM: 45.6 to 95.085 SPM: 99.5 to 760
Copper
8.5. Modelling of truly dissolved concentrations 
 
 
173
possibilities to other partition coefficients (e.g. the Kp and the Kc). However, modelling of 
Kps and Kcs is possibly fraught with the same problems as those of the Kds (section 8.1).  
The available data revealed the existence of a statistically highly significant correlation 
between total filterable and truly dissolved concentration for Cu, Zn, and Ni; while the 
correlation was less good for Pb (Table 8.2). This correlation suggests the possibility of 
predicting truly dissolved concentrations from the more easily measured total filterable 
ones and to obtain the corresponding colloidal concentration by difference.  
The use of modelling tools to determine truly dissolved concentrations is appealing 
since the use of TFF (or any other suitable technique for isolation of colloids prior to 
element analysis) is time consuming and often prone to artefact. Furthermore, trained 
personnel and clean room facilities are generally required. On the other hand, 
determination of total filterable metal concentrations is rather common in environmental 
laboratories and, though it needs rigorous cleaning protocol and at least clean portable 
benches (Benoit, 1994; Benoit et al., 1997; Gasparon, 2001), it is much less demanding 
(especially with respect to time) and more suited for inclusion in monitoring studies. 
 
Table 8.2. Spearman correlation coefficients (and associated p values) for total filterable vs. truly dissolved 
concentration of selected metals. 
 
 Spearman R p value 
Cu 0.91 0.003 
Zn 0.98 0.0001 
Ni 0.96 0.0014 
Pb 0.4 0.15 
 
 
The need for the knowledge of truly dissolved and colloidal concentrations have 
already been illustrated in many section of the present work and include: 
- understanding of element geochemical cycles and partitioning (see chapter 7) 
- better prediction of element fate in polluted environments (see chapter 6) 
- improved estimates of element fluxes to oceans (see below) 
- relevance to bioavailability issues (see chapter 9) 
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In order to verify the possibility of modelling truly dissolved from total filterable 
concentration, robust linear regression model were applied to experimental data (including 
those form Guéguen and Dominik, 2003; who used the same technique as in the present 
study). Regression results are: 
 
Cu:   [Cu]TD = (0.952 ± 0.016) * [Cu]TF      (8l) 
  proportion of variance explained = 0.65 on 14 d.f. 
 
Zn:  [Zn]TD = (0.872 ± 0.028) * [Zn]TF ; s% = 61.6   (8m) 
  proportion of variance explained = 0.62 on 14 d.f. 
 
Ni:  [Ni]TD = (0.497 ± 0.018) * [Ni]TF     (8n) 
  proportion of variance explained = 0.66 on 11 d.f. 
 
where:  - [Me]TD is the experimentally measured truly dissolved element concentration  
- [Me]TF is the total filterable element concentration 
- d.f. are the degrees of freedom 
 
Correlation with Pb was less good because, for many samples, truly dissolved Pb 
concentration was actually below the detection limit. The parametric truly dissolved vs. 
total filterable relationship could be obtained only for very few points (6 observations) and 
the error on the estimate was rather large which made the estimates doubtful. 
An example of the relationships 8l - 8n is given in figure 8.9. Note that the validity of 
the robust linear regression model spans two orders of magnitude. The relative influence of 
the points characterised by very high Zn concentration has been assessed by constructing a 
regression using only points having total filterable Zn concentration of less than 20 µg L-1. 
For such reduced data set, the slope of the regression line was 0.8 ± 0.045 which does not 
markedly differ from the one reported in formula 8g. The use of a general single formula 
seems therefore possible for the systems considered in the present study. Note however 
that Zn concentrations at points MA3 and MA4 where much lower than predicted by the 
regression line possibly because of the very high COC at these sites. Similar results were 
obtained for Cu and Ni. 
 
8.5. Modelling of truly dissolved concentrations 
 
 
175
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.9. Scatterplot of total filterable vs. truly dissolved Zn concentrations across the system of interest. 
The solid line indicates the linear fit, dashed lines are the 99% confidence intervals. 
 
8.5.2. Consequences for elemental fluxes to oceans 
An interesting application of formulas 8l-8n can be envisaged with respect to the 
estimation of river born element fluxes to the coastal seas and oceans. 
Improvement of the accuracy and precision of the estimates of global (or regional) 
elemental fluxes to the oceans (or coastal seas) currently faces, at least, 3 major problems: 
- the need to extrapolate to a global scale the validity of observations made on a 
limited (though often rather large) set of data. As an example, Lasaga and 
Berner (1998) show that, even considering the 200 largest river of the world, we 
would account only for about 50% of e.g. the global water discharge. Similar 
problems are often exacerbated for trace element fluxes, for which information 
is available only for a limited number of systems. 
- the complex estuarine processes (see e.g. Millward and Turner, 1995) which 
will retain many elements in the estuarine zone for much longer periods than 
the corresponding water residence time 
- element partitioning which, as seen in the present study, can affect elemental 
fate and transport 
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With respect to the last issue, the most relevant to this study, Benoit et al. (1994) and 
Dai et al. (1995) had observed that the presence of colloidal metal can potentially reduce 
the river born element load transported to the sea (Gulf of Mexico and North western 
Mediterranean respectively).  
Formulas such as 8l-8n would open the possibility to quantitatively estimate the truly 
dissolved element fluxes at the mouth of a river before it enters the estuarine zone. Such 
way of doing would still not represent the net input to the ocean since 
aggregation/coagulation, sedimentation, resuspension and release from sediments can still 
take place in the estuarine zone (see e.g Förstner and Wittmann, 1981; Salomons and 
Förstner, 1988; Millward and Turner, 1995). The calculations would provide an 
approximate estimate of the elemental flux which is more likely to be retained in the 
estuarine zone (i.e. the colloidal flux) for periods longer than the corresponding water 
residence time. Of course, the fate of colloids and associated contaminants in the estuarine 
zone will also be linked to the nature of colloidal matter carried by a given river.  
While acknowledging that extrapolation of equations 8l-8n to different rivers (or even 
river stretches) needs careful validation, an example of their use to predict the possible 
consequences of the presence of colloidal metals for elemental fluxes is presented below. 
Equations 8l-8n were applied to a series of 35 data collected in the Po river at the 
station of Pontelagoscuro (located before the river enters the Adriatic sea) during the 
period 1988-1990 (see Pettine et al., 1994; Camusso et al, 1998). The particulate and total 
filterable loads were directly estimated from the experimental data (kindly provided by Dr. 
Marina Camusso; IRSA-CNR, Italy). Equations 8l-8n where then used to estimate the truly 
dissolved metal concentration and to obtain the truly dissolved element load. Colloidal 
loads where approximated by difference between the total filterable and the truly dissolved 
load.  
The formula used for load estimations was: 
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where: - K is a conversion factor to convert the load into units of tons yr-1 and 
which equals 31.546 when Ci is in µg L-1 (i.e. mg m-3) and Qi and Qa are in 
m3 s-1 
- Ci is the experimentally measured concentration at the time of sampling in 
µg L-1 
- Qi is the instantaneous discharge in m3 s-1 at the time of sampling 
- Qa is the mean discharge for the period considered in m3 s-1 
 
The choice of the best formula for load estimation is a complex matter (Dolan et al., 
1981; Walling and Webb, 1985; Ferguson, 1986; Kronvang and Bruhn, 1996; Webb et al., 
1997), but it is of secondary importance in the present context where the focus is to show 
the possible effect of the presence of colloidal elements on flux estimates. Figure 8.10 
suggests that the presence of colloidal Cu and Zn would only marginally affect the truly 
dissolved fluxes of these elements to the Adriatic sea. On the other hand, colloidal Ni may 
represent up to 50% of the total filterable fraction and the actual Ni flux to the Adriatic sea 
may therefore be significantly reduced.  
Note however that the processes in the estuarine zone will surely further modify 
element distribution with respect to the station of Pontelagoscuro. As to this aspect, 
Camusso et al. (1997) report quasi conservative behaviour for Ni in the mixing zone of the 
Po delta. This observation confirm the need for a case by case verification of formulas 8l-
8n.  
This approach can be particularly useful for particle reactive metals such as Pb. For 
this element, truly dissolved concentration were often below detection limit at sites where 
total filterable Pb could be measured (see appendix 4). This indicates a quasi-total 
association of Pb with the colloidal fraction and hence the possibility of Pb being retained 
in estuarine zones for long periods of time.  
In general, even if the bulk of element fluxes is transported into the particulate phase 
(in the case of the Po at Pontelagoscuro 87%, 74%, and 82% for Cu, Zn, and Ni 
respectively), potential retention of colloidally bound trace elements into the estuarine 
zones is therefore of concern since estuaries are very sensitive transition zones between 
land and sea. 
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Figure 8.10. Theoretical apportionment of the total filterable elemental loads carried by the river Po between 
the truly dissolved and colloidal fractions (see text for details). 
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Chapter 9: Implications for trace element bioavailability 
 
9.1. Introduction 
In the previous chapters, elemental distribution was examined from a geochemical 
point of view and some conclusions were drawn as to the most likely environmental 
behaviour and fate of the various elements. This type of information can be useful for both 
management issues (e.g careful waste disposal) or environmental impact studies (e.g. 
evaluation of potential proximal vs. distal impact of a given polluting source). In order to 
achieve an appropriate degree of environmental protection, it is equally important to assess 
how the presence of colloids can affect elemental bioavailability and toxicity to living 
organisms.  
This is a very complex task involving very diversified physicochemical and biological 
aspects (Fig. 9.1). Note that the same factors affecting partitioning (chapters 6, 7, and 8) 
can also potentially affect, either directly or indirectly, the concentration of bioavailable 
elements. Indirect impacts are a consequence of the physicochemical issues discussed in 
previous chapters (for example, changes in conductivity can affect elemental sorption on 
SPM). On the other hand, direct impacts identify the specific responses from living 
organisms which, by interacting with the abiotic processes (Fig. 9.1), determine to what 
extent the well being of the organism itself will be affected by a given metal concentration. 
Such types of impact can be summarised as follows (excerpt from Baker et al., 2003): 
- pH: can affect biota and thus both the rate of metal uptake and its effects 
- Ionic strength: can influence the well being of organisms (euryhaline vs. 
stenohaline species) 
- DOC: decreases the availability of free metal ion but can increase that of 
organic metal species (FIAM vs. BLM concept) 
- Temperature: organisms are sensitive to changes in temperature (eurytherm vs. 
stenotherm species) 
- Truly dissolved organic ligands: same as DOC 
- Inorganic ligands: analogous to DOC and organic ligands. Inorganic 
complexation decreases the free metal concentration but can increase labile 
available inorganic metal species 
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- Solid phases: will complex metals but can increase the metal external dose for 
filter or deposit feeders 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1. Overview of the physicochemical and biological processes involved in determining the ultimate 
biological response of living organisms (modified from Baker et al., 2003). The bolded dotted frames 
identify the aspects which have been addressed in the present work. 
 
The short list of factors mentioned in the previous paragraph highlight that, from a 
biological perspective, variations in the same environmental parameter can be at the same 
time beneficial and detrimental to the well being of biota. For example, high 
concentrations of truly dissolved NOM will result in an increased complexation of trace 
elements in the truly dissolved phase. However, depending on the exact nature of the 
Fraction irreversibly 
bound to solids 
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NOM, the bioavailability may be enhanced or depressed as a function of the relative 
stability of the truly dissolved complex with respect to competitive ligands present at the 
cell surface (BLM concept, see e.g. Campbell, 1995; Errecalde et al., 1998; Campbell et 
al., 2002; Koukal et al., 2003). The detailed study of the biological effect of elemental 
partitioning is part of the PhD work of Brahim Koukal (toxicity testing with Vibrio 
fischeri, Pseudokirchneriella subcapitata, and Daphnia magna) and is completed by the 
investigation carried out by Dr. Benoît Ferrari, Tamara Dworak and Marion Minouflet with 
the rotifer Brachionus calycyflorus.  
The kinetic aspects of metal bioaccumulation (lower part of Fig. 9.1) are also critical in 
determining the eventual body burden to which an organism will be exposed (Hudson, 
1998; Reinfelder et al., 1998). Investigation of these important biochemical aspects will be 
progressively incorporated into future projects carried out at the F.-A. Forel Institute. 
Given the importance of such biological issues, this chapter is devoted to the 
interpretation, in a biological key, of the physicochemical findings presented in the 
previous chapters. Reference to the collective work within our research group will be made 
to confirm or challenge these interpretations. The possible biological roles of partitioning 
(see § 1.3.1) and speciation in the truly dissolved phase (see § 1.4) are first discussed 
separately and then combined to provide a possible reappraisal of metal bioavailability 
according to the original results presented in this work. 
 
9.2. The biological role of element partitioning 
 
9.2.1. Introduction 
According to the Free Ion Activity Model (FIAM) and the Biotic Ligand Model 
(BLM) only free metal ions or free metal ions + labile complexes should be bioavailable 
for unicellular organisms such as algae and bacteria (Campbell, 1995; Campbell et al., 
2002). On the other hand an increasing number of studies confirms that filter (and deposit) 
feeders can potentially bioaccumulate metals (and other contaminants) from more than one 
exposure route (e.g. Reinfelder and Fisher, 1991; Luoma et al., 1992; Carvalho et al., 1999; 
Weltens et al., 2000; Baker et al., 2003). Preliminary findings related to the bioavailability 
of particle bound metals have already been illustrated in section 5.4. This section will focus 
on the two operationally defined components of the total filterable phase; i.e. colloids and 
true solution.  
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Among the various approaches (e.g. Galassi and Benfenati, 2000; Mount and Hockett, 
2000; van Sprang and Janssen, 2001), the simplest and more immediate way to evaluate 
the potential contribution of a given element to the toxicity of a sample is to compare the 
element experimentally measured concentration with the corresponding EC50s (see 
glossary) derived from laboratory experiments. To date, one major drawback of this 
approach arises from the fact that the great majority of laboratory tests is conducted in 
standard culture media, which differ markedly from natural waters. For example, culture 
and test media for P. subcapitata generally contain high concentrations (up to hundreds of 
µg L-1) of EDTA as a complexing agent (AFNOR, 1998; US EPA, 1978). EDTA is added 
to avoid precipitation of ferric iron which, in turn, is necessary as a micronutrient for algal 
growth. Since EDTA is added in large excess it will possibly bind a fraction of the trace 
element for which the EC50 is being determined (at least for elements existing as cationic 
species under the test conditions). Such unintended complexation will decrease the 
"biologically active" element fraction and hence increase the values of calculated EC50s. 
This concern arose earlier in our research group who produced some original data on 
metal toxicity to P. subcapitata for EDTA free medium. These data are reported in Table 
9.1 along with some other selected values from the literature. Note that, even in the 
absence of EDTA, EC50 values refer to media (generally AAP) where the overall 
complexing capacity is largely determined by inorganic ligands such as carbonates, 
sulphates and chlorides; in contrast to natural situations where the importance of organic 
matter can become overwhelming (see section 9.3) 
 
9.2.2. Importance of colloids: a toxicological perspective 
A comparison of the total filterable elemental concentrations (appendix 4) with the 
EC50s reported in Table 9.1 indicates that Cd and Pb are very unlikely to exert any 
significant toxic effect in our samples. Levels of these two elements remain 1-2 orders of 
magnitude below the lowest EC50s even for the most contaminated samples; i.e. V4 for Cd 
(0.172 µg L-1) and MA4 for Pb (about 1.4 µg L-1). Similar conclusion would hold for Ni 
but in this case no EC50s for EDTA free medium could be found. The possibility of Ni 
contributing to toxicity in our samples cannot therefore be completely ruled out and will be 
recalled where relevant. The following discussion will especially focus onto Cu, Cr and Zn 
whose concentrations exceeded or approached toxic values in a few of the samples 
collected during the present study. 
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9.2.2.1. Lambro-Po system 
Filtered waters (< 1.2µm) did not show any significant adverse effect to P. subcapitata, but 
rather a moderate stimulation (about 20%) of algal growth with respect to the control 
medium (Vignati et al., 2004). This result contrasts with previous findings from 
Mingazzini (in IRSA, 1997) who always observed toxicity to P. subcapitata in samples 
collected on 6 different occasions (between 1992-1993) at sites 2 and 3. During the same 
period, occasional toxicity was also observed for site Po1. The same author identifies 
microorganic contaminants (i.e. herbicides, insecticides and other biocides) as the main 
responsible for the observed toxic effects, but some residual toxicity associated with trace 
metals seems to be present. It is beyond the scope of this work to speculate whether the 
lack of toxicity in our samples reflects an improvement of water quality in the Lambro-Po 
system over the last decade or simply the absence of substances toxic to P. subcapitata at 
the time of sampling. 
 
Table  9.1. EC50s for P. subcapitata for selected elements in AAP medium. When available EC50s for 
EDTA free medium are given; see footnotes. Exposure time was 72 hours for original results by our group 
(Reference A). Other references: see footnotes.  
 
Element EC50 (µg L-1) Reference 
Cd 65-74 A 
Cr (III) 397 B* 
Cr (VI) 40 - 900 A 
Cu 12 - 19 A 
 12 - 13.2 C 
 18 - 31 D$ 
Ni 106 - 173 D$ 
Pb 1900 - 4600 A 
 385 - 753 C 
 285 - 386 D$ 
Zn 55 - 79 A 
 20.5 - 33 C 
 11 - 26 D$ 
 
A: Guéguen et al., (2004), B: Call et al. (1981), C: Gilbin (2002), D: Chen et al. (1997) 
* 96h exposure in standard AAP with EDTA 
$ 24h exposure in culture medium with 30 µg L-1 EDTA 
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With regard to trace elements, the observed lack of toxicity can actually be explained 
by the results of the analytical measurements. Total filterable Cu and, accordingly, truly 
dissolved Cu concentrations remained well below EC50s at all sites. At the opposite, total 
filterable Zn concentration at site Po3 (15.2 µg L-1) fell within the toxicity window 
determined by Chen et al. (1997). Partitioning likely plays a role here since, given the 
presence of 30% colloidal Zn, the truly dissolved Zn at site Po3 was 10.3 µg L-1; just 
below the above mentioned toxicity window. This suggests a possible "protective role" of 
colloids towards P. subcapitata with respect to Zn toxicity in the Lambro waters (site Po3). 
In their study for the period 1992-93, Pettine et al. (1996) report maxima of 4.7 µg L-1 
for Cu and 70.5 µg L-1 for Zn in the Lambro waters (site Po 3). This would exclude the 
possibility of toxic effects linked to Cu, while suggesting the need for a detailed study of 
Zn partitioning. Assuming the same Zn distribution as in the present study (i.e. 30% of Zn 
in the colloidal fraction), the maximum level of truly dissolved Zn in the samples of Pettine 
et al. (1996) would in fact have been about 48 µg L-1. Based on table 9.1, this latter 
concentration may have a significant toxic effect on P. subcapitata. 
Ni may be another element of interest in the Lambro-Po system since it was found to 
distribute between colloids and true solution in the proportion 25 : 75 % (appendix 4). 
Pettine et al. (1996) report total filterable Ni concentrations as high as 28.2µg L-1; which 
would correspond to an estimated truly dissolved concentration of 21.1 µg L-1 (again 
assuming the same distribution as in the present study). Better appreciation of the potential 
toxicity of this element requires toxicity data for EDTA free culture medium. 
 
9.2.2.2. Sebou-Fez system 
Total filterable elemental concentrations in excess of EC50s were present at sites MA3 
and MA4 for Cu and Zn. Furthermore, filterable Cr was as high as 265 µg L-1 at site MA3 
calling for an evaluation of the potential contribution of this element to total toxicity. As 
already noticed in chapter 6 the bulk of Cr in MA2, MA3 and MA4 samples probably 
exists in the form of polynuclear Cr(III) complexes with organic matter (Pereira de Abreu 
et al., 2003). Regrettably EC50 values for Cr(III) in table 9.1 are for standard AAP 
medium (i.e. containing EDTA), since precipitation of chromium and iron complexes 
would be unavoidable in EDTA free medium. Should Cr follow the same pattern as the 
divalent metals Cu and Zn (and also Cd and Pb), the actual EC50 for Cr in natural 
conditions should be lower than the reported value of 397 µg L-1 (Table 9.1).  
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Toxicity testing of filtered Morocco waters (Koukal et al., 2004) substantially inhibited 
the growth of P. subcapitata for samples collected at sites MA2, MA3, and MA4. The 
samples EC50s (expressed as % dilution of the samples themselves, see glossary) were 
30%, 9% and 10% respectively. The comparable toxicity of samples MA3 and MA4 agree 
well with partitioning results. At both sites, over 50% of the total filterable Cu and Zn 
concentrations were actually associated with colloids (see appendix 4). Nonetheless, the 
truly disssolved Cu and Zn concentrations (10.1 and 15.6 µg L-1 at site MA3; 12.9 and 28.8 
µg L-1 respectively) were still within (or very close to) the EC50s because of the high 
degree of pollution. Note also that total filterable Cr concentrations were about 3 times 
higher at site MA 3 than MA4 (180-260 µg L-1 vs. 64-74 µg L-1 respectively). The 
difference was less marked for the truly dissolved (< 1 kDa) Cr (38.8 for MA3 vs. 21.7 µg 
L-1 for MA4). If Cr contributes to the total toxicity, partitioning results would then account 
for the comparable  toxicity of samples MA3 and MA4 despite the higher contamination at 
site MA3. Reliable determination of Cr EC50 in more environmentally realistic matrix 
should be performed in order to draw definite conclusion on this subject. 
The presence of toxicity at site MA2 is less obvious given that total filterable element 
concentrations do not exceed EC50s. It is likely that pollutants other than trace elements 
substantially contribute to toxicity in this system since Koukal et al. (2004) could detect an 
inhibition of algal growth also in samples MA5 and MA6 where element concentrations 
(see appendix 4) were generally comparable to site MA1 (non toxic). Furthermore, toxicity 
of filtered waters to D. magna was also observed at sites MA2, MA3, and MA4 (EC50s at 
72h 68%, 65%, and 37%) but not MA5 and MA6 (Koukal et al., 2004) supporting the 
hypothesis that e.g. herbicides may be responsible for the toxicity to P. subcapitata at the 
latter 2 locations. Furthermore, the observed toxicity for samples MA2, MA3 and MA4 
were greater on P. subcapitata than on D. magna somewhat contrasting with theoretical 
expectations since D. magna would be expected to bioaccumulate also from the important 
pool of colloidal metals present in these samples. Again, a part of the observed adverse 
ecological effects can be due to organic micropollutants. However the possible role of NH3 
toxicity must also be considered since very high level of total ammonia (up to 40 mg L-1) 
were measured at the most polluted sites. The general picture stemming from these 
observations suggest that toxicity of trace metal in the Sebou-Fez is determined by the 
combined effect of partitioning and speciation in the truly dissolved phase (as in the case 
of the Po-Lambro) but also by the synergic-antogonistic effects among trace metals and 
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other classes of pollutant. It must also be noted that suboxic/anoxic conditions are actually 
present at sites MA2, MA3 and MA4, resulting in the presence of reduced metal species 
which are not accounted for in the determination of EC50. 
 
9.2.2.3. Vistula-Przemsza system 
With the exception of site V1, total filterable Cu and Zn concentrations in this system 
(see appendix 4) were high enough to cause toxicity to P. subcapitata. However, testing of 
filtered (< 1.2 µm) samples with P. subcapitata did not yield any significant toxicity (PhD 
work of Brahim Koukal). Unlike in the Lambro-Po system, a "protective role" of colloids 
can hardly be invoked to explain the contradictory chemical and toxicological results. 
Given the high conductivity of these samples, the percentage of truly dissolved Cu and Zn 
accounted for 85-99% and 78-88% of the total filterable concentrations. Translating these 
percentages into the corresponding concentration figures (see appendix 4) would again 
result in levels of truly dissolved Cu and Zn well within or even above the EC50 ranges 
reported in table 9.1. Similar results were found by Guéguen et al. (2004) who did not 
observe toxicity to P. subcapitata for truly dissolved Cu and Zn concentrations as high as 
82 µg L-1 and 162 µg L-1 respectively. Such contradiction between chemical and 
toxicological results would suggest that elemental bioavailability in the Vistula is 
principally controlled, and apparently reduced, by the presence of non bioavailable species 
in the truly dissolved fraction (see § 9.3.3). 
 
9.2.3. A rationale to assess the contribution of colloid-bound contaminants to toxicity 
Unlike unicellular organisms, filter feeders may be exposed to toxicants via 
particulate, colloidal and solute pathways ((Luoma et al., 1992; Carvalho et al., 1999; 
Wang and Guo, 2000; Weltens et al., 2000). In an attempt to evaluate the possible 
contribution of colloids to water toxicity for filter feeders, individuals of the rotifer B. 
calyciflorus were exposed to filtered waters and to concentrated colloidal suspensions for 
samples Po1, Po2 and Po3. Colloidal suspensions were tested as obtained after separation 
between colloids and true solution by the 1kDa cartridge and after ultracentrifugation 
(Centrikon T-1080) at 26,000g for 56 hours. Under these settings, ultracentrifugation 
removes colloidal particles larger than 20nm; assuming a density of 1.1 g cm-3 and under 
the approximation of particles having spherical shape. On the other hand the small organic 
matter complexes and the truly dissolved fractions remain in the supernatant to be tested 
for toxicity. 
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As in the case of P. subcapitata filtered waters (containing both unconcentrated 
colloidal and truly dissolved contaminants) did not show significant toxic effects to B. 
calyciflorus. These results partly conform to the findings of Viganò et al. (1996) who, 
during a one year study in the Lambro-Po system, did not report any toxicity for raw 
waters collected at site Po1 on the cladoceran Ceriodaphnia dubia. The same authors 
observed sublethal (sites Po2 and Po3) and occasionally acute (site Po3) effects. Despite 
these partial differences, our results conform to theoretical expectations since measured 
total filterable metal concentrations were generally below the corresponding reference 
values for toxicity to B. calyciflorus. EC50 obtained in our laboratory for Cu, Cr and Pb 
using asexual reproduction after 48h as an endpoint were 6.5 - 27.9, 6,700 - 11,000 and 
185 - 241 µg L-1 respectively. Corresponding EC50s for Ni and Zn could not be found in 
the literature (AQUIRE database; available at http://www.epa.gov/ecotox) where only 
lethal concentrations values were reported: 1,300µg L-1 and 1,000 µg L-1 respectively. 
Determination of Ni and Zn EC50 for asexual reproduction is being carried out in our 
laboratory.  
Even in the absence of direct toxicity of filtered waters, testing of concentrated 
colloidal suspensions before and after ultracentrifugation helps to assess whether the 
colloidal contaminant pool can potentially contribute to the water toxicity in the Lambro-
Po system. Concentrated colloidal suspension showed moderate toxicity with respect to the 
control and statistically significant differences (i.e. significant reduction of the number of 
offspring per partenogenetic female) could be observed  for 90% sample dilution (i.e. 90% 
colloidal suspension + 10% culture medium for B. calyciflorus) (Table 9.2). On the other 
hand, effects at higher dilutions were not always evident and neither EC50s nor EC10s 
could be reliably computed for the samples. Despite the mild toxicity of the samples, 
results presented in table 9.2 provide useful insights on the potential toxicological role of 
colloids in medium contaminated waters. 
At site Po1, the statistically significant (p < 0.01) reduction in the number of new born 
per individual with respect to the control suggests a potential contribution of colloidally 
bound contaminants to the observed toxicity. On the other hand, sample Po1 UCF (see 
caption of table 9.2) can be regarded as non-toxic; in agreement with the results of Viganò 
et al. (1996). Ultracentrifugation reduced the DOC content of the colloidal suspension Po 
R1 by approximately 92% (Table 9.3). Significant concentration decreases after 
ultracentrifugation were also observed for Al (41%), Ca (35%), Ti (50%), Cr (61%), Mn 
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(59%), Fe (43%), Zn (57%), and Pb (98%). However metal concentrations in the colloidal 
suspension at site Po 1 (table 9.3) remain well below the corresponding EC50 values for B. 
calyciflorus. It is therefore possible that other contaminants associated with large colloidal 
organic matter (removed by ultracentrifugation) may be the main cause of the observed 
toxicity in sample Po1 R1. 
 
Table 9.2. Average number of offspring for partenogenetic female of B. calyciflorus exposed to 90% 
dilutions (see text) of colloidal suspensions (Sample) from sites Po1, Po2 and Po3. Percentage inhibition of 
reproduction and statistical significance (p-value) of the inhibition are calculated with respect to 
corresponding controls. R1: raw concentrated colloidal suspension from the 1 kDa cartridge, UCF: 
concentrated colloidal suspension after ultracentrifugation. n.t = non toxic. 
 
 Sample Control p-value % inhibition 
Po1 R1 4.50 ± 0.756 7.12 ± 0.641 < 0.01 37 ± 14 
Po1 UCF 6.25 ± 0.886 6.75 ± 0.707 0.11 n.t. 
Po2 R1 5.12 ± 0.641 6.50 ± 0.565 < 0.01 21 ± 13 
Po2 UCF 5.50 ± 0.926 7.12 ± 0.835 < 0.01 23 ± 18 
Po3 R1 4.75 ± 0.886 7.00 ± 0.756 < 0.01 32 ± 17 
Po3 UCF 6.12 ± 0.641 7.75 ± 0.707 < 0.01 21 ± 12 
 
 
At site Po2, the 90% colloidal suspension (Po2 R1) also significantly inhibited the 
reproductive success of B. calyciflorus. In this case, the toxicity does not decrease for 
sample Po2 UCF indicating that the substances responsible for toxicity are not removed by 
ultracentrifugation. This pattern suggests the presence of toxicants associated with low 
molecular weight and/or low density colloids. The immission of Lambro waters seems 
therefore to cause a change in the nature of colloids at site in the Po from site Po1 to Po2. 
However metal concentrations (Table 9.3) would not be expected to elicit a toxic response 
from the rotifer. It is possible that other contaminants contribute to the observed toxicity as 
it was the case of sample Po1.  
For sample Po3 inhibition of rotifer reproduction was observed both before and after 
ultracentrifugation. In this case relatively elevated Ni (12.96 in the raw colloidal 
suspension vs. 12.06 µg L-1 in the ultracentrifuged), Cu (8.83 vs. 6.14µg L-1), and Zn (33.9 
vs. 23.3 µg L-1) concentration were measured and a contribution of metal to the observed 
toxicity (Table 9.2) cannot be excluded. The reduction of Cu and Zn concentration after 
ultracentrifugation (Table 9.3) may be responsible for the qualitative (i.e. non statistically 
significant) difference in the percentage inhibitions for Po3 R1 and Po3 UCF (32 vs 21%). 
A similar qualitative difference is observed also between Po2 R1 and Po3 R1 (controls 
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were comparable for the two tests) suggesting that additional toxicity of the Lambro waters 
with respect to the river Po at site 2 may be linked to contaminants associated with HMW 
colloids and removed by ultracentrifugation. From a field point of view, HMW colloids are 
possibly removed upon mixing of the Lambro and Po waters leaving only LMW in 
suspension at site Po2 (see also chapter 6, section 6.2). The higher toxicity and the general 
reduced biodiversity observed in Lambro waters (Viganò et al., 1999) with respect to site 
Po2 may then be partly linked to the presence of contaminated colloids.  
 
Table 9.3. DOC, major and trace element concentrations in concentrated colloidal suspensions (1 kDa 
cartridge) before and after ultracentrifugation. Chemical analysis were carried out as for filtered waters and 
TFF fractions. R1: raw concentrated colloidal suspension; UCF: concentrated colloidal suspension after 
ultracentrifugation. 
 
 Units 1PoR1 1PoUCF % loss 2PoR1 2PoUCF % loss 3PoR1 3PoUCF % loss 
DOC Mg L-1 3.6 0.3 91.8 3.9 3.3 14.3 8.1 7.2 10.5 
Ca Mg L-1 38.7 25.3 34.6 45.0 37.5 16.7 66.4 52.4 21.1 
K Mg L-1 1.91 1.92 -0.2 2.11 2.05 2.8 3.99 4.01 -0.7 
 Mg mg L-1 3.78 3.78 0.2 4.71 4.62 1.8 6.75 6.67 1.2 
Si mg L-1 1.26 1.22 2.7 1.40 1.36 2.7 2.17 2.18 -0.5 
Al µg L-1 14.9 8.7 41.2 14.3 5.4 62.0 64.8 6.3 90.3 
Ti µg L-1 0.306 0.154 49.5 0.385 0.198 48.6 2.626 0.546 79.2 
V µg L-1 0.611 0.586 4.2 0.712 0.676 5.0 1.396 1.239 11.2 
Cr µg L-1 0.662 0.254 61.5 0.790 0.393 50.2 2.941 1.068 63.7 
Mn µg L-1 7.87 3.22 59.1 12.00 6.32 47.3 52.56 30.03 42.9 
Fe µg L-1 140 80 42.9 166 118 29.1 511 186 63.6 
Co µg L-1 0.115 0.093 18.9 0.185 0.161 12.9 0.660 0.614 6.9 
Ni µg L-1 1.82 1.54 15.5 3.22 2.89 10.0 12.96 12.03 7.2 
Cu µg L-1 2.42 2.21 8.4 3.41 3.03 11.0 8.83 6.14 30.5 
Zn µg L-1 5.27 2.26 57.2 6.45 3.73 42.2 33.96 23.35 31.2 
As µg L-1 1.77 1.69 4.5 2.09 1.95 6.7 4.52 3.89 14.1 
Pb µg L-1 0.126 0.002 98.0 0.208 0.019 90.8 1.788 0.201 88.8 
U µg L-1 1.04 1.00 3.4 1.30 1.23 5.6 2.22 2.20 1.0 
 
 
On the whole, these exploratory data indicate the need to further investigate the 
contribution of colloidally bound contaminants to water toxicity. Although comparison of 
toxicity results for different filter feeders organism and endpoints (e.g. this study and 
Viganò, 1996; Viganò et al., 1999) is not straightforward, our samples do suggest some 
evidence that colloidally bound metals (and contaminants) can contribute to toxicity in 
natural conditions. Given the possible role of organic contaminants, studies on the physical 
fractionation of organic micropollutants in aquatic systems are a fertile area for future 
scientific development. 
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9.3. Element speciation in the truly dissolved fraction 
Although the distinction between colloidal and truly dissolved phase can provide a first 
indication of the fraction of total metal potentially bioavailable to organisms of different 
feeding levels, it is clear that not all the metal species within a fraction will be equally 
bioavailable (see mechanisms of uptake in Fig. 9.1). The complexity of environmental 
aqueous matrices (coupled with the low element concentrations and the presence of 
competing equilibria in natural waters) makes it impracticable, and in some cases 
unfeasible, to experimentally measure all the possible elemental species occurring in 
aquatic environments. Alternatively, elemental speciation can be established using 
computer based models which, through an iterative process, can estimate the relative 
abundance of different species (see chapter 4).  
In particular, the estimation of the free elemental concentration in the truly dissolved 
fraction would represent an improvement with respect to speciation calculation performed 
in the total filterable phase. In this latter case, colloidal metals and ligands (particularly 
DOC) would in fact be treated as aqueous species which does not correspond to the actual 
situation. On the other hand, element and ligand distribution among the various 
operationally defined size fractions is a dynamic process. This implies that the biological 
uptake of an element from the truly dissolved phase may be compensated by a series of 
adsorption / desorption reactions between the particulate, colloidal and truly dissolved 
phase to re-establish the original element distribution among phases. If this occurs (as it 
may since 50% or more of the NOM is often present in the truly dissolved fraction), the 
simple consideration of the truly dissolved element concentrations will underestimate the 
fraction of available elements. Furthermore, recent developments of the BLM suggest that 
some elemental-NOM complexes may actually be bioavailable to unicellular organisms in 
contrast with the theory of the FIAM (Campbell, 1995; Errecalde et al., 1998; Campbell et 
al., 2002; Gilbin, 2002; Koukal et al., 2003). On the other hand, measurement of such 
NOM complexes in real field samples is still subject to a number of methodological 
problems and it remains difficult to assess their actual importance under natural conditions. 
Despite these uncertainties, a general consensus has been established about the importance 
of NOM as a complexing phase for trace elements. This consensus is reflected by the fact 
that the latest speciation models generally include some kind of complexation model for 
NOM. 
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9.3.1. Modelling organic complexation in VisualMinteq 
Examination of the theory behind the development and improvement of chemical 
speciation models clearly goes beyond the purposes of the present thesis. On the other 
hand it is important to briefly examine how VisualMinteq (VM), the model used in the 
present study for speciation calculation (see § 4.7.2) deals with the presence of organic 
matter in the system under consideration. 
The VM model includes two possible options to account for complexation by NOM: 
- The Stockholm Humic Model - SHM (Gustafsson, 2001) 
- The Gaussian DOM model - GAU (Grimm et al, 1991) 
 
The main problem in modelling trace element – NOM interaction resides in the 
number and heterogeneity (functional, electrostatic, and conformational) of the binding 
sites present in such organic matter, which is normally assumed to consist mainly of humic 
type substances.  
The SHM is based on the hypothesis that the system can be described by a number of 
discrete sites which do not correspond to real physical entities, but are "mathematical 
constructs enabling the description of proton binding of humic substances having a range 
of unknown acid-base equilibria (Gustafsson, 2001)". These sites with different binding 
characteristics collectively determine the extent of proton and elemental complexation by 
organic matter. A distinction is made between carboxylic (type A sites, strong) and 
salycilic-acid like sites (type B sites, weak) with the former predominating at pH < 7 (i.e. 
they already exist in the deprotonated form allowing for trace metal complexation at 
relatively low pH) and the latter becoming progressively more important at higher pH 
(Gustafsson, 2001).  
VM (version 2.15a) offers a choice among a) average humic acids - HA, b) average 
fulvic acids - FA, c) soil humic acid, d) typical HA, and e) typical FA. According to this 
model, the main difference between humic and fulvic acids resides in the proportion 
between type A and type B sites: 1 to 1 for humic acids and approx. 2.3 to 1 for fulvic 
acids. Of course the actual relative abundance of type A vs. type B sites varies with the 
type of material, and these figures must be considered as approximations. Other differences 
concern the average pKa of A and B groups. For type A sites the average pKa is 4.1 in 
humic acids and 3.5 in fulvic acids; while the average pKa for type B sites are 8.95 and 
8.75 respectively. The notion of average pKa arises from the formalisms of the SHM model 
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which postulates 4 "site-types" A and 4 "site-type" B sites with different characteristics. 
Further details can be found in Gustafsson (2001). 
In the GAU approach the binding sites are modelled using a continuous distribution 
(Grimm et al., 1991; Susetyo et al., 1991) which is aimed at reflecting the heterogeneity of 
complexing sites present on the natural humic material. Assuming 1:1 metal - ligand 
complex, the model allows metal ions (M) to react with a group of binding sites (Li) 
according to the complexation equilibrium: 
 
M + Li « MLi       (9a) 
 
for which the stability constant is given by: 
 
)(L C  (M) C
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=       (9b) 
 
where parentheses indicate the concentrations of metal bound to "i" type sites on humics 
(MLi), free metal ion (M) and type "i" sites which are not bound to the metal (Li).  
Stated in a simplified way, the concentration of type "i" ligands is normally distributed 
with respect to the logarithm of the corresponding range of KMi values (Fig. 9.2a). A mean 
value µm and a standard deviation s can then be used to describe the metal - ligand 
interaction. The competition between trace elements among themselves and with protons 
can be dealt with in a similar way (see Susetyo et al, 1991 for the detailed formalism) and 
gives a family of Gaussian curves with different centroids (or mean) µm, but equal standard 
deviations (Fig. 9.2b). This means that µm values are a function of the specific element 
interacting with the ligand; while both s and CL are invariable and characteristic of a given 
humic substance. With this formalism, the ratios between the various complexation 
constants Kmi for the various elements (including protons) remain constant which, when a 
guess for proton - humic complexation is provided, allows to estimate the total 
concentration of the bound metal species. Further details can be found in Grimm et al. 
(1991) and Susetyo et al. (1991). 
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Fig 9.2. A: Schematic representation of the Guassian distribution model. Each individual ligand (Ci) is 
normally distributed with respect to the logarithm of Kmi values for proton and metal binding. B: 
Representation of the competition effect between protons and metal for a given ligand. Both protons and 
elements can interact with the same ligand but they do so at for different values of Log K. Note that both 
ligand concentration (Ci) and distribution (s of the normal curves) are characteristic for the ligand and do not 
vary for different complexes.  See text for details. (adapted from Susetyo et al., 1991). 
 
The model output for element interactions with NOM will be ultimately determined 
firstly by the nature of the NOM model (i.e. SHM vs. GAU) and secondly by the 
complexation constants used for calculations in model runs. Note that the latter aspects 
apply to the modelling of every element - ligand interaction.  
Chapter 9 : Implications for trace element bioavailability 
 
 
194
As to complexation constants, the main problem resides in the large inter-study 
variability for the metal - NOM complexation (see the reviews of Town and Filella, 2000; 
2002b). Such variability depends on: 
- the analytical detection window of the technique used to measure the complex 
stability (Town and Filella, 2002b). In practice this means that a given 
technique will detect only complexes which are labile under given conditions. 
In general, calculation of the element - NOM equilibrium constants is based on 
the calculation of mean global parameters which do not consider such effect of 
the analytical detection window on the obtained results. 
- the changes of NOM binding sites affinity as a function of metal loading (Town 
and Filella, 2002b, Filella and Town, 2003). In environmental systems, typical 
prevailing conditions are low element concentration and large ligand excess. 
Such conditions will favour the formation of the strongest and least labile 
element - NOM complexes. However, most laboratory based studies have been 
performed at unrealistically high metal loadings at which weak and labile 
complexes will form. These latter results are not directly applicable under 
natural conditions. 
As to the latter aspect, there is a growing awareness that binding constants for organic 
ligands may actually be unreasonably low (Town and Filella, 2002 b,c). Rozan et al. 
(2003) report complexation constants (Log KTHERM estimated by pseudovoltammetry) for 
Pb from 8 to over 39 for natural ligands present in the water of Chesapeake Bay. This 
extremely strong ligands were suggested to be multinuclear metal-sulphide clusters whose 
existence does not appear to be excluded from oxic waters (Rozan et al., 2000). Without 
considering the possible effects of the methodology used for determination of the binding 
constants, these values are much higher that the Log K of 5.2 used for the Pb - organic 
matter complexation  in the Gaussian DOM model of VM. 
One way to account for the metal loading dependence of NOM binding site affinity it 
to use the Differential Equilibrium Function (DEF) (Town and Filella, 2002 b,c; Filella and 
Town, 2003). This approach is based on the definition of a differential intensity parameter, 
K*, that is a weighed average mean of the equilibrium constants, Ki, for all the binding 
sites (Gamble, 1970; Altmann and Buffle; 1988; Buffle et al., 1990a, b; Buffle and Filella, 
1995). The weighing factor depends on the mole fraction and degree of occupation (qi) of 
each site i. The DEF does not describe complexation at each individual site i, but can be 
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used to make predictions of the complexation behaviour of a system as a whole. For very 
heterogeneous ligans such as humic substances, the logq = f(logK*) relationship is 
approximately linear and can be described by a slope and an intercept. The slope of the 
relationship is a measure of the degree of heterogeneity and buffering intensity of the 
system and, for natural systems, it typically assumes values in the range 0.3-0.7 (Filella 
and Town, 2003). 
 Even if DEFs are continuous functions and NOM - element titration curves are not, 
the latter can be used to calculate ligand concentrations (effective complexation capacity 
Cc) and corresponding conditional stability constants (K) using different linearisation 
methods of the metal titration curves. It is now well established that log Cc, log K     
couples calculated from metal titration curves are analogous of (logq, logK*) described by 
the DEF curves (Buffle et al., 1984; Bidoglio and Stumm, 1994).  
Using the available data (Town and Filella, 2002 b,c) and assuming Mebound » Me total, 
the following (logCc, logK) relationships can be defined: 
Cu: log 
~
Cc  = 3.77 - 0.47 log 
~
K      (9c)  
Pb: log 
~
Cc  = 3.25 - 0.55 log 
~
K      (9d) 
Ni: log 
~
Cc  = 1.57 - 0.45 log 
~
K      (9e) 
Co: log 
~
Cc  = 2.25 - 0.54 log 
~
K      (9f) 
 
Using these equations, corrected log K values for these elements could be obtained for 
each specific sample. The log K were keyed into VM (using the Gaussian DOM model) 
and the results of metal speciation using the original or the "corrected" complexation 
constants (Table 9.4) could be compared. A few caveats apply here: 
- the number of available data for defining equations 9c-f is quite limited 
especially for Ni and Co 
- values of log K available in the literature have been mainly determined for high 
metal concentrations. The validity of linear extrapolation to our measured 
environmental concentrations remains to be verified. 
- The approximation Mebound » Metotal is unverified although it should hold in 
natural environments where trace metal concentrations rarely exceed 10% of 
NOM 
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Table 9.4. Values of metal - organic carbon complexation constants (log K) estimated using equations 9c - 9f 
for the Po, Morocco, and Vistula samples (data from Guéguen and Dominik, 2003). log K values are 
provided for ultrafiltered (< 1 kDa) waters on the basis of truly dissolved elemental and organic carbon 
concentrations (see text for details). N.A.: not applicable (elemental concentration below detection limit); 
N.M.: element not measured in the original work. 
 
 
As expected log K values estimated from formulas 9c-f are 3 or more orders of 
magnitude higher than the default values in the GAU model of VM. Note also that no 
DOM complexation constant for Co are provided in VM and that an exhaustive 
compilation for Zn-NOM complexation constants (which is necessary to derive 
relationships of the type 9c-9f) could not be found in the literature. 
Section 9.2.3 compares metal speciation by VM using the two different DOM-metal 
interaction models (i.e. SHM vs. GAU) for the ultrafiltered phase, which should represent 
the most relevant exposure route for unicellular organisms. The same exercise was not 
performed for filtered waters since colloidal material should not be directly available to 
unicellular organism and is subject to ingestion by higher organisms. In both cases, the 
biological fate (i.e. bioaccumulation, uptake and excretion, direct excretion) of a given 
element would be determined by the relative metal affinity of the environmental organic 
ligand present in the water matrix vs. the organism specific ligands present on the cell 
walls (BLM) or in the intestinal lumen (biomimetic approach). 
 
9.3.2. Master variables required for model calculations 
As for metal partitioning, speciation is affected by environmental parameters such as 
pH, ionic strength, temperature and redox potential. pH and ionic strength must be taken 
Co Ni Cu Pb
Po1 10.25 7.67 12.23 14.95
Po2 9.54 6.98 11.73 13.56
Po3 8.99 6.50 11.83 12.15
MA1 9.55 8.15 10.16 n.a.
MA2 10.27 7.32 11.96 13.86
MA3 11.41 9.93 13.07 14.81
MA4 11.40 10.06 13.60 15.57
Gora (V2) 7.36 n.m. 8.67 11.52
Chelmek 6.78 n.m. 9.28 11.12
Bobrek (V3) 7.66 n.m. 9.15 12.39
Tyniec (V4) 8.02 n.m. 10.07 11.80
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into account to correct the values of metal complexation constants (and the corresponding 
complexation results) for competition with protons and major ions such as Ca and Mg 
respectively. Redox potential can affect the relative abundance of the different redox forms 
for both ligands (for example SO42- vs. S2-) and elements (e.g. Cr(VI) vs. Cr(III)).  For the 
present work, values of pH and temperature have been measured directly in the field. Ionic 
strength was estimated by specific conductivity using the following conventions 
(Langmuir, 1997): 
 
I » 1.9 * 10-5 * SpC      for Ca(HCO3)2 type waters, used for the Lambro-Po  (9h) 
(see appendix 1) 
 
I » 0.8 * 10-5 * SpC        for NaCl type waters, used for the Sebou-Fez   (9i) 
and Vistula Przemsza (Guéguen and Dominik, 2003) 
 
where:  I is the molar ionic strength 
  SpC is the specific conductivity in µS cm-1 
 
As to redox potential, the most important issues is the possible formation of highly 
insoluble sulphides for the element of interest (Cu, Ni, Pb and Zn) under anoxic conditions. 
This is particularly relevant in the case of the Sebou-Fez system (sites MA2, MA3 and 
MA4) where anoxic conditions are present in the water column. Although no direct 
measurements of Eh or sulphide concentration were performed, the presence of reduced 
sulphur species at sites MA2, MA3, and MA4 may be supposed following the organoleptic 
properties of these river waters: black colour, sulphide or ammonia smell and release of 
gas bubbles in low current velocity stretches (see appendix 5). These observations are 
important with respect to the charge balances for Morocco samples which were generally 
20% above electrical neutrality in the VM runs. While this difference remains difficult to 
explain for the oxic sample MA1, the presence of reduced sulphur species can be invoked 
to establish the electrical balances at sites MA2, MA3 and M4. For these samples, 
additional VM runs were performed after arbitrary introducing the theoretical 
concentrations of HS- required to achieve electrical neutrality. The required concentrations 
were in the range 100 - 180 mg L-1 HS- (3 - 6 mM) which, albeit very high, may be 
achieved (at least with regard to the order of magnitude) at sites MA2, MA3, and MA4 
because of the presence of tannery wastewater (see chapter 6). Balasubramanian and 
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Pugalenthi (2000) report a range of sulphide concentrations between 6 and 180 mg L-1 
(measured by iodimetry) in the liquors originating from the various stages of the tanning 
process.  
Positive charge imbalances of about 20% were also observed for the Vistula samples 
since sulphate anions measurements are not reported in Guéguen and Dominik (2003). An 
apparent neutral charge balance (± 5%) was achieved for the Po samples. 
Investigation of the detailed speciation of Cr in Sebou samples was not attempted since 
the polynuclear species which probably predominate in tannery impacted waters (Walsh 
and O'Halloran, 1996a, b) could not be specified in the VM model. 
 
9.3.3. Application to contrasting aquatic environments 
When the SHM NOM complexation model was used, VisualMinteq runs yielded very 
similar speciation results (within 1%) for either HA or FA. These results will therefore be 
discussed together and compared with GAU calculation (obtained with both default and 
corrected values of complexation constants - Table 9.4) for Cu, Pb and, where available, 
Ni. Zinc results are also included in the discussion, since this element showed potentially 
toxic concentrations in many samples (see § 9.1). Improvement in the quality of Zn - 
organic complexation constants, possibly based on a comprehensive critical review of the 
existing values, should be viewed as a priority by the interested scientific community. 
In the Po-Lambro system, the SHM and the standard GAU models generally produced 
comparable results for Ni, Pb, and Zn (Table 9.5). On the other hand, large differences in 
model outputs were observed for Cu with the SHM assigning the bulk of Cu to NOM 
complexes and the GAU model estimating over 95% of Cu in the form of inorganic 
complexes. In both cases, inorganic Cu complexes were predominantly of the carbonate 
type. When the constants reported in Table 9.4 were substituted in the GAU model, 
complexation by organic ligands became predominant (Ni) or exclusive (Cu, Pb). Given 
the assumptions made for calculating the constants in table 9.4, it is not possible to draw a 
definite conclusion about which model better approximates the environmental reality. 
Based on current knowledge (e.g. Shi et al., 1998; Müller, 1999; Warren and Haack, 2001; 
Town and Filella, 2002c), the degree of organic complexation by the standard GAU model 
is actually likely to be greatly underestimated. At the other extreme, the linear 
extrapolation which was used to calculate complexation constants for organic matter (see § 
9.2.1 and equations 9c - 9f) possibly overestimates the effect of complexation by NOM. 
9.3. Element speciation in the truly dissolved fraction 
 
 
199
Table 9.5. Speciation (as % of total elemental concentration) of selected elements in the Po-Lambro system 
using different models for metal complexation by organic matter: HA = Stockholm Humic Model - Humic 
acids; GAU = Gaussian DOM model; GAUM = Gaussian DOM model with corrected estimation of binding 
constants from metal/organic carbon ratios (see text). 
For ease of presentation, inorganic and organic complexes have been summarised into single values: Inorg. = 
percentage sum of all the inorganic complexes, NOM = percentage of NOM complexes, Free = estimated 
percentage of the free metal ion, n.a. = not applicable due to lack of suitable complexation constants. 
 
 Po1 Po2 Po3 
 Free Inorg. NOM Free Inorg. NOM Free Inorg. NOM 
Cu HA 1.1 32.4 66.5 0.1 2.0 97.9 0.1 2.2 97.7 
Cu GAU 3.3 95.8 0.9 2.8 96.8 0.4 5.4 93 1.6 
Cu GAUM 0 0 100 0 0 100 0 0 100 
          
Ni HA 71.5 28.5 0 68.4 31.6 0 68.2 31.8 0 
Ni GAU 71.2 28.3 0.5 68.3 31.5 0.2 67.8 31.6 0.6 
Ni GAUM 0.6 0.2 99.2 5.1 2.4 91.5 7.4 3.5 89.1 
          
Pb HA 5.3 86.6 8.1 2.4 47 50.6 3.7 39.9 56.4 
Pb GAU 5.6 91.3 3.1 4.8 93.7 1.5 8.1 86.9 5.0 
Pb GAUM 0 0 100 0 0 100 0 0 100 
          
Zn HA 71.3 28 0.7 61.5 28 10.5 69.6 20.2 10.2 
Zn GAU 71.2 28 0.8 68.1 31.4 0.5 74.2 24.9 0.9 
Zn GAUM n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
 
 
For the Sebou-Fez system, the SHM model could not be successfully run since species 
with null activity coefficients were computed thus preventing a speciation output. It was 
preferred not to modify default model parameters in order to avoid additional uncertainty 
in the speciation result and in the comparison with the other systems.  
Speciation using the standard GAU model generally yielded increasing complexation 
by organic ligands from site MA1 to MA4 in accordance with the pattern of organic carbon 
concentrations (see appendixes 1 and 2). Furthermore, the maximum of "free" element is 
estimated at site MA2 most likely because of the lower pH value (7.3 pH units) compared 
with other sites (7.9 pH units or higher). The pattern for Cu differs from this general trend 
with Cu percentage NOM complexation increasing in the order MA1, MA3, MA2 and 
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MA4. Once again the lower pH at site 2 is the most likely explanation for this pattern. 
Detailed speciation results (not shown) highlight that Cu carbonate complexes account for 
42% of inorganic complexation at site 3 but only for 7% at site 2. Part of this "freed" Cu is 
predicted to remain in the ionic form (Table 9.6) while another fraction clearly adsorbs 
onto organic matter. The tendency is re-established between sites MA3 and MA4 which 
have comparable pH and NOM complexation constants (appendix 1 and Table 9.4). The 
percentage of organic Cu at site MA4 is exactly the double than at site MA3 in agreement 
with the truly dissolved organic carbon contents (77 vs. 34 mg L-1, see appendix 2).  
 
Table 9.6. Speciation (as % of total elemental concentration) of selected elements in the Sebou-Fez system 
using different models for metal complexation by organic matter. GAU = Gaussian DOM model; GAUM = 
Gaussian DOM model with corrected estimation of binding constants from metal/organic carbon ratios (see 
text), GAUMS = as GAUM but with guesses provided for HS- concentration: approx. 3.1 mM for MA2, 5.8 
mM for MA3, and 4.2 mM for MA4. 
For ease of presentation, inorganic and organic complexes have been summarised into single values: Inorg. = 
percentage sum of all the inorganic complexes, NOM = percentage of NOM complexes, Free = estimated 
percentage of the free metal ion, n.a. = not applicable due to lack of suitable complexation constants. 
 
 MA1 MA2 MA3 MA4 
 Free Inorg. Org. Free Inorg. Org. Free Inorg. Org. Free Inorg. Org. 
Cu GAU 1.6 98.8 0.6 24.5 26.8 48.7 4.0 67.2 28.8 4.6 31.4 64.0 
Cu GAUM 0 0.1 99.9 0 0 100 0 0 100 0 0 100 
Cu GAUMS No sulphides likely 0 100* 0 0 100* 0 0 100* 0 
             
Ni GAU 67.7 31.7 0.6 91.4 4.1 4.5 69.8 17.5 12.7 68.2 8.2 23.6 
Ni GAUM 0.2 0 99.8 0.2 0 99.8 0 0 100 0 0 100 
Ni GAUMS No sulphides likely 0.2 0 99.8 0 0 100 0 0 100 
             
Pb GAU d.l. d.l. d.l. 17.5 12.9 69.6 4.2 35.6 60.2 3.0 12.3 84.7 
Pb GAUM d.l. d.l. d.l. 0 0 100 0 0 100 0 0 100 
Pb GAUMS d.l. d.l. d.l. 0 70.9* 29.1 0 33.2* 66.8 0 2.2* 97.8 
             
Zn GAU 54.2 50.0 0.8 85.7 7.8 6.8 60.9 21.5 17.6 58.0 10.3 31.7 
Zn GAUM n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Zn GAUMS No sulphides likely 0 100* 0 0 100* 0 0 100* 0 
* Sulphur bound species 
 
9.3. Element speciation in the truly dissolved fraction 
 
 
201
The pattern for Cu, Ni, and Pb becomes much less varied when corrected 
complexation constants are introduced into VM (Table 9.6). NOM complexation becomes 
practically exclusive and the same considerations apply as for the Po-Lambro system. 
Further changes would occur depending on the actual sulphide concentrations. Under the 
assumptions specified in § 9.3.2, the presence of reduced sulphur species can potentially 
exert a total control for Cu and Zn and effectively compete with complexation by organic 
ligands for Pb (Table 9.6). Remember that the actual complexation of Zn by organic matter 
is likely to be underestimated because of the impossibility to determine corrected 
constants. No apparent effect of sulphides was observed for Ni. 
In the Vistula-Przemsza system a certain tendency towards "higher" free metal ion 
concentrations (especially Cu and Pb) could be observed (Table 9.7), possibly because of 
the high specific conductivity of these waters (see appendix 1). The effect was seen to a 
different extent depending on which organic complexation model was used. However, 
traces of free Cu ion could be quantified even using the corrected complexation constants 
of table 9.4 in the GAU model. As seen for the Po system, the SHM model tended to 
predict higher fraction of organically bound element with respect to the standard GAU 
model, confirming that model assumptions can critically influence the outcome of 
speciation across systems where metal distributions are determined by different parameters 
(see chapter 6). In the case of Cu, the high percentage of Cu organic complexes predicted 
by the SHM and corrected GAU model would explain the lack of toxicity for these 
samples (Guéguen et al., 2004). The question remains open for Zn until more appropriate 
values for NOM complexations constants under natural conditions will be derived from the 
available literature.  
The problems highlighted in this brief discussion show the need for new complexation 
constants determined at environmentally realistic element/organic carbon ratios and, as far 
as compatible with the required analytical techniques, in more environmentally compatible 
matrices. This applies to both elements for which constants are already available (Cu, Ni, 
and Pb) and those for which reliable constants still have to be derived from critical 
examination of the literature values (e.g. Zn). Co was not discussed in the present context 
since it was always present at concentrations too low to elicit toxicity in aquatic organisms. 
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Table 9.7. Speciation (as % of total elemental concentration) of selected elements in the Vistula-Przemsza 
system using different models for metal complexation by organic matter: HA = Stockholm Humic Model; 
GAU = Gaussian DOM model; GAUM = Gaussian DOM model with independent estimation of binding 
constants from metal/organic carbon ratios (see text). 
For ease of presentation, inorganic and organic complexes have been summarised into single values: Inorg. = 
percentage sum of all the inorganic complexes, NOM = percentage of NOM complexes, Free = estimated 
percentage of the free metal ion, n.a. = not applicable due to lack of suitable complexation constants. 
 
 Gora (V2) Chelmek Bobrek (V3) Tyniec (V4) 
 Free Inorg. Org. Free Inorg. Org. Free Inorg. Org. Free Inorg. Org. 
Cu HA 20.1 4.1 75.8 2.7 6.7 90.6 2.8 1.7 95.5 0.7 0.5 98.8 
Cu GAU 74.8 15.5 9.7 28.0 69.0 3.0 50.2 30.6 19.2 47.3 33.1 19.6 
Cu GAUM 0.15 0.05 99.8 0.05 0.1 99.85 0.02 0 99.98 0 0 100 
             
Pb HA 39.7 37.0 23.3 18.4 43.8 37.8 16.0 30.0 54.0 11.3 13.1 76.1 
Pb GAU 45.6 42.6 11.8 27.9 66.3 5.8 27.5 51.6 20.9 33.4 38.9 27.7 
Pb GAUM 0 0 100 0 0 100 0 0 100 0 0 100 
             
Zn HA 93.8 5.4 0.8 92.5 6.4 1.1 87.0 10.5 2.5 91.0 4.0 5.0 
Zn GAU 94.1 5.4 0.5 93.1 6.5 0.4 88.0 10.6 1.4 94.2 4.2 4.6 
Zn GAUM n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
 
 
9.4. Joint influence of partitioning and speciation on bioavailability: a reappraisal 
Given the high degree of uncertainty which still accompanies speciation models, the 
use of speciation results to address bioavailability issues must be done with great care. In 
the following paragraphs, the output of the standard GAU model is used to make some 
considerations in this sense. The choice of using the GAU model is somewhat arbitrary and 
due to the fact that the SHM model could not run properly for Morocco samples. However, 
the GAU model has a rather wide acceptance and use since it is also incorporated in the 
EPA software MINTEQA2. 
 
9.4.1. Lambro - Po system 
At the "grey levels" of pollution which characterise site Po3 and to a lesser extent Po2, 
the presence of colloidal elemental pools can be of remarkable importance in reducing 
elemental concentration from slightly above to slightly below EC50 for phytoplankton (see 
section 9.2.2.1). At the same time, the occurrence of elements as free ions, labile or stable 
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complexes comes into play to determine the final quantity of an element which will be 
ultimately bioavailable to aquatic organisms (see Fig. 9.1). Consider for example site Po3 
with truly dissolved Cu and Zn being 2.2 µg L-1 and 10.3 µg L-1 respectively. Using 
speciation results reported in Table 9.5, the values of 0.118 µg L-1 and 7.65 µg L-1 would 
be obtained for free Cu2+ and Zn2+ concentrations respectively. In the case of Cu this result 
would agree with the absence of toxicity to the green alga P. subcapitata (Vignati et al., 
2004) since free Cu2+ concentration remains below EC50 levels estimated by Gilbin (2002) 
for free cupric ion in modified AAP medium (0.382 µg L-1; calculated from Gilbin, 2002). 
For Zn, Guéguen et al. (2003) report 24-31% free Zn2+ in EDTA free medium containing 5 
and 1 mg L-1 respectively of standard humic substances (soil humic acids from the 
International Humic Acid Society). However, the total Zn concentration during this 
experiment was 390 µg L-1 which is by far higher than the concentration measured at site 
Po3. On the other hand, the total colloidal mass at site Po 3 is around 7 mg L-1 (see chapter 
7); i.e. comparable with the experimental conditions of Guéguen et al. (2003). Considering 
the EC50 interval of 20.5-33 µg L-1 for Zn calculated by Gilbin (see Table 9.1), the free 
Zn2+ EC50 should fall between 6.35 and 10.23 µg L-1 (Zn2+ was taken as 30% of total Zn) . 
Free Zn2+ at site Po3 would than fall in this interval. However given the numerous 
approximation involved, this result must be interpreted with caution and calls for further 
state-of-the-art studies on Zn toxicity in the Lambro-Po system. 
In general, it seems that, in this system, speciation and partitioning would equally 
contribute to determine metal bioavailability. 
 
9.4.2. Sebou - Fez system 
At sites MA2, MA3, and MA4, a number of elements can possibly contribute to 
toxicity. Furthermore the high SPM concentrations result in higher colloidal masses (see 
chapter 7) and, consequently, large fractions of the metal pool associated with colloids and 
hence potentially non available to algae (see appendix 4 and chapter 6). As already seen in 
§ 9.2.2.2, truly dissolved Cu and Zn concentrations at sites MA3 and MA4 are in the EC50 
ranges reported by various authors for EDTA free medium (Gilbin, 2002) or for AAP 
containing 30µg L-1 EDTA (Chen et al., 1997). These two elements may therefore account 
for a part of the observed toxicity. A synergic effect is more likely at site MA2 where truly 
dissolved concentrations of Cu and Zn taken individually do not exceed EC50 values.  
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For both Cu and Zn, speciation likely contributes to determine the amount of readily 
bioavailable free metal ion. "Free" Cu2+ is estimated at 1.85 µg L-1, 0.403 µg L-1, and 0.595 
µg L-1 for sites MA2, MA3 and MA4 respectively; while the corresponding figures for 
Zn2+ are 5.16, 9.53, and 16.74 µg L-1. Within the validity of the GAU model, calculated 
free Cu2+ and, except site MA2, Zn2+ concentrations in the Sebou-Fez would then exceed 
the estimated EC50 values based on free ion concentrations. The toxicity at site MA2 
could then be linked, among the other factors, to the presence of toxic levels of copper.  
Furthermore the Sebou-Fez system suffers from strong chromium contamination. This 
issue remains difficult to assess given the paucity of ecotoxicological data for algae 
available for this element and the different character and mode of action of the two redox 
forms. At sites MA2, MA3, and MA4, Cr should mainly occur in the reduced Cr(III) form, 
possibly as polynuclear Cr complexes associated with proteins (Pereira de Abreu et al., 
2003). Such combination is difficult, if not impossible, to reproduce and test in the 
laboratory. Literature data for P. subcapitata are also skewed toward testing of Cr(VI) 
toxicity. The EC50 for Cr(III) chloride found in the AQUIRE database for population 
growth of P. subcapitata at 96h is about 400 µg L-1 (Call et al., 1981); which is of the same 
order of magnitude as the highest total Cr concentrations measured at site MA3. 
Preliminary tests conducted in our laboratory would give similar EC50 for Cr(III) based on 
experimentally measured concentrations during the test. Preliminary measurements of Cr 
concentration in culture medium (AAP) and culture medium + algal inoculum suggest an 
active uptake of Cr(III) by the green alga and to a contribution of Cr to the observed 
toxicity in the Morocco samples. Whether the Cr is adsorbed onto the cell wall or absorbed 
inside the cytoplasm remains also to be investigated.  
Finally, although a contribution of trace metal to toxicity is very likely, the Sebou-Fez 
sample may also contain a vast array of microorganic contaminants which were not 
measured in the present study and to which the same partitioning and availability 
consideration as for trace metal would apply. The presence of high concentration of total 
ammonia (up to 40 mg L-1; Koukal et al., 2004) may also account for a significant portion 
of the observed toxicity. 
 
9.4.3. Vistula - Przemsza system 
In this river, partitioning would actually be of secondary importance at least for the 
elements under consideration (i.e. Cu, Zn and Pb). Given the high conductivity of these 
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waters, the fraction of colloidally bound metals at polluted sites is very limited (see chapter 
6 and Guéguen and Dominik, 2003). The possible protective role of colloids (remember 
that contrasting evidence exists and colloids sometimes enhance bioavailability) is 
therefore absent and, based solely on physical partitioning, the majority of the total 
filterable element concentration is potentially available to unicellular organisms. Yet 
Guéguen et al. (2004) did not observe significant toxicity for filtered (1.2 µm) samples; 
while the same authors observed the ultrafiltered samples (< 1 kDa) at Chelmek and 
Tyniec to be toxic for P. subcapitata. The presence of high concentration of phenol (0.2 - 
0.7 mg L-1) and changes in the protective role of organic matter with respect to metal 
adsorption were proposed as possible explanation for these results. Changes in elemental 
speciation between the total filterable and truly dissolved fractions were excluded by 
speciation with MinteqA2 version 3.11 (Guéguen et al., 2004). The speciation results 
presented in table 9.7 can offer an additional explanation to these findings. When 
speciation is performed using the standard GAU model, estimated free Cu2+ equals 32.7, 
11.7, 41.2 and 8.52 at sites Gora, Chelmek, Bobrek and Tyniec respectively; while the 
corresponding figures for free Zn2+ are 14.2, 132.4, 114.2, and 85.9. These truly dissolved 
Cu2+ and Zn2+ are well above the corresponding EC50 for total metal concentrations and, 
in the case of Cu, also for free cupric ion. The situation changes when speciation 
calculations are performed using the complexation constants reported in Table 9.4 (this 
was possible only for Cu). In this case, the degree of Cu complexation by organic matter 
would be much more important and free cupric ion concentrations would decrease to 
0.065, 0.084, 0.016 and approx. 0 at Gora, Chelmek, Bobrek and Tyniec; well below the 
0.392 µg L-1 EC50 reported in Gilbin (2002). Similar considerations possibly apply to zinc.  
In contrast with metal partitioning, about 85% and 42% of organic carbon was actually 
present in the colloidal form at Chelmek and Tyniec respectively; which may affect 
speciation results when more appropriate complexation constants are used. Yet the 
observed toxicity was higher at Tyniec where the truly dissolved Zn concentration was 
lower and the UOC higher. This observation points to the joint influence of other factors 
(e.g. ionic strength which was higher at Chelmek) determining the extent of biotic response 
along with the availability of organic sites for complexation. Without claiming to offer a 
definitive explanation to these interesting results, the importance of using specifically 
derived complexation constants is strengthened by the ensemble of the observations. 
Similar considerations and tentative conclusion possibly apply to samples V1, V2, V3, and 
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V4 (for which direct calculation of speciation could not be performed due to the lack of 
measurements for major anions) for which the filtered (1.2 µm) waters did not show any 
toxicity to the green alga P. subcapitata (PhD work of Brahim Koukal). Assuming the 
same Cu speciation as for the samples of Guéguen and Dominik (2003), free Cu2+ 
concentrations estimated with the corrected GAU model would be 0.0201, 0.004 and 
approx. 0 µg L-1 at sites V2, V3 and V4; well below the EC50 of 0.392 µg L-1. 
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Chapter 10: Conclusions 
 
The study of trace metal partitioning based on size fractionation of natural samples is 
just one of the methods available for investigating the complex issue of element speciation; 
that is the whole species distribution of an element in all the environmental compartments. 
The topics dealt with in the present study include: 
- methodological issues concerned with the definition of the most environmentally 
relevant size fractionation procedures of natural samples 
- the study of trace element distribution (and of its possible consequences) among 
operationally defined particulate, colloidal, and truly dissolved fractions in a number 
of contrasting aquatic systems  
- the detailed analysis of trace element partition coefficients 
- the possibility of building generally valid models to predict element distribution from 
simple measurements of a few master variables 
- the interpretation of the partitioning results from an ecotoxicological point of view 
Major findings for each topic are summarized below. 
 
10.1. Methodological considerations 
 
10.1.1. Suspended particulate matter (sections 4.3 and 5.1) 
The use of continuous flow centrifugation seems to be acceptable for collection of 
SPM for elemental analysis, although the physical integrity of a minor fraction of the 
particles may be disrupted during the process due to the shear forces inside the centrifuge 
bowls. This problem can become very relevant when SPM is comprised mostly of living 
organic matter such as algae and bacteria (as it may be the case during planktonic blooms), 
since absorbed elements (i.e. elements contained inside the cells) may be released to the 
centrifuge effluent. The extent to which such phenomena may affect solid phase element 
concentration in such cases should be evaluated. On the other hand, CFC seems to be as 
effective as membrane filtration in lotic environments and offers the advantage of 
collecting relatively large amounts of SPM for a more complete chemical, mineralogical, 
and biological characterisation. Note however that the centrifuge effluent should not be 
used for measuring total filterable metal concentrations. 
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10.1.2. Particulate vs. total filterable phase boundaries (sections 4.2, 5.2, and 5.3) 
Despite its over 50 year long history, separation of the total filterable and particulate 
phases still faces three main problems: 
1) choice of the most appropriate size boundaries between the two phases 
2) choice of the most appropriate fractionation device 
3) correct operation of the selected device 
 
Point 3 has actually received a good deal of attention as to the correct operation of both 
membrane filtration and tangential flow filtration devices. On the other hand, filtration and 
ultrafiltration apparatuses are offered in a vast array of nominal cut-offs and the choice of 
the most appropriate one is often a matter of historical and economical rather than 
scientific reasons.  
Results presented in chapter 4 and 5 caution about the indiscriminate use of a definite 
size cut off for all sampling occasions. Without claiming a superiority of the 1.2µm size 
boundary over the more widespread 0.45µm counterpart, a case by case selection of the 
most adequate cut off should be done according to the objectives of a given study. 
Furthermore, as explained in section 1.3, there is a physical rationale for selecting a cut-off 
close to 1µm; at least in lakes and oceans. When a fixed cut-off is mandatory (such as in 
large monitoring studies), an independent verification of the actual filter cut-off should be 
performed for each batch of filters and for each system in which the filters are used. A 
similar rationale should be applied to the choice ultrafiltration cut-off, since there is an 
increasing accumulation of carefully collected environmental data which can not be 
directly compared because of differences in membrane type and nominal pore size. 
Finally, the use of membrane filtration to separate the total filterable from the 
particulate phase may not be appropriate in waters having a medium-high to high SPM 
load, such as e.g. rivers draining arid regions or rivers during flood conditions. In such 
cases, clogging problems appears almost unavoidable and the use of large surface area 
filtration device should possibly be preferred to obtain a better reproducibility of 
experimental measurements. 
 
10.2. Element distribution (section 6.1) 
The strongest point of the present study is the application of state-of-the-art 
fractionation techniques to a range of contrasting aquatic environments, within the 
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framework of an integrated approach (physical, chemical, biological, and mineralogical). 
This rationale potentially widens the applicability of the results to similar aquatic systems. 
Across the systems considered in this study, four groups of elements can be identified 
according to their distribution among the particulate, colloidal and truly dissolved phases: 
Group 1, terrigenous elements (Al, Ti) and Pb: essentially associated with the 
particulate phase (generally > 90% of the total) and with at least 40% of the total filterable 
concentrations in the HMW colloidal fraction. 
Group 2, trace elements (Co, Cu, Fe, Mn, Ni and Zn): characterised by a varying 
distribution between the particulate, colloidal and truly dissolved phases depending on the 
variations in master environmental variables. Co and, to a lesser extent, Ni seem to be 
controlled chiefly by Mn which, in turn, responds to changes in the percentage oxygen 
saturation. The significance of correlation, if present, among trace metals and carrier 
phases (Mn - Fe oxides and natural organic matter) in the total filterable phase generally 
differed from that observed in the colloidal phase. Such difference suggests common 
sources but different partitioning processes for trace metals and the carrier phases. The 
relative importance of the carrier phases could not exactly be assessed with the available 
results. 
Group 3, oxyanions (As, Mo, Sb, U): showing minor association with SPM and 
colloids and preferentially transported in the truly dissolved fraction (> 75%) except in 
particular situations (i.e. Sebou system), where positively charged or peculiar organic 
ligands can be present in significant quantities.  
Group 4, (Cr, V): these elements have a different character since V also tend to 
exist as an oxyanion in natural waters at circumneutral pH; while Cr can occur in both 
cationic (Cr(III)) or anionic (Cr(VI)) forms. However their distribution between the 
particulate and total filterable phases are remarkably similar, possibly because they occur 
together at relative high concentrations in some rock formations present in the investigated 
basins. Note that particulate V can account for up to 60% of the total at sites where the 
other oxyanions (group 3) are for the 90% in the total filterable phase. As to Cr, the degree 
of association with colloids and SPM varies across systems according to the relative 
importance of the particle reactive Cr(III) form and the potentially free, negatively charged 
Cr(VI) form. 
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10.3. Element transport 
 
10.3.1. Element behaviour during mixing processes (section 6.2) 
The scavenging of many trace elements during mixing processes between a polluted 
tributary and the waters of the main river appears to be mediated by colloids, provided that 
the environmental conditions allow for the existence of colloidal elemental pools. 
Alternatively, the presence of saline groundwater (Vistula river) seems to both reduce (or 
eliminate) colloidal elements and result in elemental inputs to the truly dissolved or 
particulate phases. Note that the absence of trace elements in the colloidal fraction does not 
necessarily constitute evidence of the absence of colloidal matter (compare e.g. trace metal 
distribution - Fig. 6.1c - with colloidal masses - Table 7.1 - for the V sites).  
In general, fractionation of the total filterable phases into colloids and true solution 
appears potentially useful for a better understanding of the macroscopic phenomena 
controlling elemental behaviour in polluted systems. 
 
10.3.2. Consequences of partitioning for element fluxes (section 8.5) 
The importance of element partitioning between colloidal and truly dissolved phases 
with regard to element fluxes to coastal seas and oceans is not still fully appreciated. For 
log Kd values above 5 (a situation common for trace metals such as Co, Cu, Ni, Zn, Pb; the 
upper Vistula system is peculiar) and SPM concentrations > 10 mg L-1 (common in most 
lotic environments, see table 3.1) the majority of trace element is generally transported in 
association with SPM (see Fig. 7.2). However, the total filterable metal fraction often 
represents the most reactive metal pool from the biogeochemical point of view. As a 
consequence, the different behaviour of colloidal and truly dissolved metal pools should 
therefore be appreciated with regard to element recycling and bioavailability in the 
estuarine mixing zone. If colloidal metals are retained into the estuarine zone, the net input 
of total filterable elements to the sea may be overestimated by up to 50% (or even more in 
the case of reactive elements such as Pb). 
 
 
 
 
 
10.3. Element transport 
 
 
213
 
 
10.4. Partition coefficients 
  
10.4.1. Fundamental approach (chapter 7) 
The within and, to a lesser extent, the between system variability of partition 
coefficients (Kd) can be reduced by adequately considering the presence of colloidal metal 
pools in aquatic environments. For example, the use of the Kpcs (section 7.6) can result in 
quasi constant partition coefficients within a system, provided that the system itself is not 
too far from steady state conditions with respect to adsorption / desorption reactions for a 
given element. Such situation is evident for e.g. U in the Lambro-Po system and oxyanions 
(As, Mo, Sb, and U) in the Sebou-Fez system. In other cases (e.g. Cu, Zn, Ni, Co), the use 
of Kpcs reduces differences in partition coefficients but some residual variability of Kpcs 
can persist generally because of the presence of anthropogenic inputs or anoxic conditions 
affecting the stability of carrier phase; in particular Mn oxides. Accurate measurement of 
the colloidal metal pools coupled with measurement / modelling of the free element 
concentrations in the truly dissolved phase appears as a promising tool towards a further 
reduction of the conditional variability of partition coefficients. However, Kds can still be 
affected by a number of factors other than the presence of colloids (Fig. 10.1).  
For example, the occurrence of high flow conditions can change Kd values by bringing 
about changes in both the quantity and the quality of SPM (compare Vistula sites with 
previous work by Guéguen and Dominik, 2003). The presence of peculiar geological 
formation has been shown to affect partition coefficients in many cases (see chapter 6), 
since such geological pools are relative immobile and do not participate in adsorption / 
desorption reactions (or do so only to a very limited extent). Other processes which can 
increase partition coefficients include: precipitation of insoluble phases (e.g. Mn in the 
Czorsztyn reservoir), colloidal pumping (e.g. site Po2), and inputs of contaminated 
particles (e.g. Zn and Pb at the Vistula sites). 
On the other hand, decreasing Kd values normally occur with increasing conductivity 
(even if for our samples this may be a secondary effect due to the occurrence of 
anthropogenic inputs of trace elements and major ions) and, for positively charged trace 
metals, with decreasing pH. The effect of pH will be opposite for oxyanions. Groundwater 
inputs (e.g. Mn and possibly other elements at Vistula sites) to the truly dissolved phase 
can markedly decrease Kds; while the nature of colloids and sediment-water interactions 
may have a variable effect on of Kd values. 
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Figure 10.1. Overview of factors affecting the stability of partition coefficients (exemplified by the Kd) 
besides adsorption / desorption equilibrium. 
* The effect of pH on Kd varies for positively charged cations (trace metals) and oxyanions (see text). 
 
10.4.2. Empirical approach (chapter 8) 
The fundamental approach for obtaining truly constant partition coefficients requires 
the implementation of a number of non routine procedures (e.g. measurement of truly 
dissolved and colloidal element concentration and estimation of colloidal masses). The 
possibility of modelling the variability of partition coefficients according to a few easily 
measured parameters therefore offers an interesting alternative approach.  
In the present study, the Kds of Cu, Ni, and Pb were inversely correlated (p < 0.01, 
0.05 for Pb) to conductivity, but no satisfactory simple linear models could be obtained. 
The systems examined in the present study were actually subject to various degrees of 
anthropogenic impact at most sites. In this sense, the parametric relationships observed 
between conductivity and total filterable Cu, Ni, and Zn concentrations possibly do 
indicate the simultaneous presence of trace metal and major ion pollution rather than a 
cause-effect relationship between conductivity and metal desorption from SPM. 
One additional aspect is the possibility of modelling the truly dissolved from the total 
filterable element concentrations. This possibility is important since measurement of the 
Kd
Geology, petrography, ores
Precipitation of insoluble phases
Particle reactive redox forms
Colloidal pumping
Anthropogenic inputs of
contaminated particles
Increase in Conductivity, pH*
Suboxic-anoxic conditions
High-flow conditions (SPM)
Sediment - water interactions
Nature of colloidal matter
Inputs to the truly
dissolved phase
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former is very time consuming and involves the use of artefact prone technique. The 
constancy of the total filterable vs. truly dissolved regressions can extend over two order of 
magnitude and across system having very different features. The limit of the present study 
is that upper or middle river stretches were generally considered and experimental 
verification are required as to the applicability of similar relationship to the lower river 
stretches and estuaries. 
 
10.4.3. Affinity of trace elements for the various environmental compartments (sections 
7.2, 7.3, 7.4, and 7.5) 
Besides the Kpc (summarised in § 10.4.1), sample fractionation among the particulate, 
colloidal, and truly dissolved phases allow the definition of at least 3 coefficients: Kds, Kps, 
and Kcs. These coefficients normally do not have constant values but their combined use 
provides important information on the relative affinity of trace elements for the different 
phases.  
Terrigenous (Al, Ti) and particle reactive elements (Pb) generally have the highest 
affinity for the SPM (i.e. Kps – Kcs differences have positive values) because of their 
inclusion into the lattice of clay minerals or active “uptake” onto particle surface. Trace 
metals (Co, Cu, Fe, Mn, Ni, and Zn) can show variable affinity for suspended particulate 
matter vs. total colloids depending on system / site specific factors such as basin geology, 
conductivity, percentage oxygen saturation and degree of anthropogenic inputs. In the 
peculiar situation of the Vistula river (inputs of saline groundwater due to the presence of 
coal mines and presence of Zn/Pb mines) the concept of Kp – Kc loses its real significance 
since trace elements seem to be largely released to the truly dissolved phase or, 
alternatively, present in the non-extractable fraction of SPM. Oxyanions (As, Mo, Sb and 
Pb) seem to show higher affinity for colloids rather than SPM, but also for these elements 
the truly dissolved phase is the real dominant phases except in the peculiar situation of the 
Sebou-Fez system. Finally V and Cr generally exhibit comparable affinity for SPM and 
colloids or, with a few exceptions, higher affinity for SPM. A similar comparison can be 
done for the HMW and LMW colloidal pools. 
In general, field observations do not seem to strictly conform to the theoretical 
expectations which would predict a higher metal affinity for the smaller particles, which 
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have a larger specific surface area. This is most likely a consequence of the presence of 
organic coatings on most inorganic particles and colloids. Such situation renders the 
affinity of trace elements for different particles less variables that it would be expected 
following theoretical considerations. The exact nature of the available complexing 
molecules (e.g. pedogenic humic acids, aquagenic organic matter, or various molecules 
originating from human activities) is another factor which can greatly affect element 
partitioning. This factor cannot be properly studied by simply fractionating natural samples 
by size, but its importance has been taken into consideration in the overall development of 
the team-project (Ph.D. work of Tamara Dworak-Weber). 
 
10.5. Element bioavailability 
 
10.5.1. Unicellular organisms (sections 9.2.1, 9.2.2, and 9.4) 
The latest developments of the BLM suggest that element bioavailability is the result 
of a complex series of equilibria (or steady states) between the ligands present in the 
aqueous medium and, talking about unicellular organisms, those on the cell wall. This view 
is progressively replacing the FIAM and the idea that element bioavailability is solely 
controlled by the concentration of the “free ion”. This latter still conserves a central role in 
element speciation and, although it is not the only bioavailable species, it surely 
contributes to total metal availability. Combination of sample fractionation by TFF with 
speciation calculation using the VisualMinteq has been shown to be a potentially useful 
tool to explain some contradictions between chemical and ecotoxicological results. 
 
10.5.2. Filter feeders and higher organisms (sections 5.4, 9.2.2, and 9.2.3) 
Filter feeders, deposit feeders and fishes are also exposed to element uptake via 
ingestion of colloids and SPM. The biomimetic approach can be used to determine the 
bioavailable fraction of trace element associated with SPM and, theoretically, with 
colloids. The approach is particularly suited for organisms having a predominantly 
extracellular digestion where nutrients (but also pollutants) are solubilised into a gastric 
cavity and then absorbed into the blood stream. Preliminary results would suggest that the 
"biomimetic extractable" fraction of SPM bound trace element normally represents less 
than 1-2% of the metal content determined by conventional extraction methods (i.e. 
digestion with concentrated nitric acid). However, SPM is repeatedly extracted in the 
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animals’ gut as it is moved through the digestive tube; meaning that a single extraction 
may not be fully representative of the actual bioavailable fraction. This aspect is of primary 
importance since there is evidence that the extraction step is the limiting one as to element 
bioavailability from SPM. 
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Chapter 11: Perspectives 
 
The approach used in the present work clearly addresses only few topics concerning 
the vast field of element speciation in natural waters. The following text summarises a few 
meditations which were matured by the author during the advancement of his PhD work 
and at the margin of the 3rd European meeting on Environmental Chemistry held in Geneva 
in December 2002. Fruitful discussion with Professor Janusz Dominik significantly 
contributed to put these often intuitive thoughts into a clear form. These ideas do not only 
constitute the theoretical basis for improving and refining much of the results presented in 
the present work, but also an invitation to build the study of natural systems on the most 
environmentally relevant approach and to devote resources to develop such approaches 
when they are not yet available. 
 
11.1. How much "environmental" is our environmental chemistry?  
Most scientists dealing with environmental issues generally perceive interdisciplinarity 
as a necessary basis towards a better understanding of the real world. Nonetheless much 
still ought to be done to reduce the distance among environmental scientists originating 
from different fields. In particular there is a growing need for a better interaction between 
environmental chemists, who possibly represent the most “advanced” group of scientist 
working on natural systems, and the rest of the environmental science community. 
It is evident that, despite a more and more ecologically oriented approach to the 
protection of natural ecosystems (e. g. the European Water Framework Directive of 
October 2000), chemistry will still retain its key role in the process of environmental 
quality assessment. For example, many of the organic chemicals discharged into aquatic 
systems are still awaiting adequate procedures for their isolation and quantification in the 
water and sediment matrix (Hendriks et al., 1997; Schwarzbauer et al., 2002). The need for 
such analytical improvements is obvious considering that, in water samples, a major part of 
the substances responsible for toxicity still remains unidentified (Hendriks et al., 1994; 
Booth et al., 2002) despite some recent noticeable progresses (Smith et al., 2001; Booth, 
2002). Similarly, identifying aqueous elemental species which are actually causing toxicity 
to aquatic organisms remains a formidably complex task even in well controlled and fairly 
simple laboratory media.  
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Perspectives and recommendations for future work: the truly dissolved phase isolated 
from a lowly polluted environment (e.g. central part of Lake Geneva) may be used as a test 
medium for laboratory grown algae. Toxicity results in standard culture medium (e.g. AAP) and 
natural waters may also be interpreted in terms of speciation in the truly dissolved phase (see 
below).  
 
In situ devices such as voltammetric probes (Braungardt et al., 2002; Noël et al., 2002) 
and DGTs for elements (Davidson, 2002; Tusseau-Vuillemin et al., 2002) or SPMDs for 
organic microcontaminants (Ravelet et al., 2002; Caslavsky et al., 2002) allow the 
measurement of potentially bioavailable free and labile species under field conditions. 
Nonetheless they cannot properly address problems concerning the presence of 
contaminants associated with the solid phases in natural systems.  
As to this latter aspect, chemists interested in trace elements have long sought for an 
optimal way to identify the affinity of elements for the various solid phases (e.g. 
carbonates, iron oxides, organic matter) using sequential extractions (see e.g. Förstner and 
Wittmann, 1979 and Tessier, 1992). Other tools, such as electrochemical and potentimetric 
techniques (Garnier et al., 2002) and NMR spectroscopy (Knicker, 2002), provide 
additional knowledge on factors controlling contaminant adsorption onto various solids 
and/or the exact configuration of chemical bonds between contaminants and the sorbent 
phases.  
Partitioning experiments with pure phases under controlled laboratory conditions allow 
us to obtain precise complexation constants for the various contaminant-sorbent couples. 
Without neglecting some significant achievements (Wang et al., 1997; Wen et al., 1998), 
the heterogeneity of natural particles and the resulting competition between sorbent phases 
limit the use of laboratory derived constants in real field situations. Furthermore, modelling 
of contaminant partitioning is intimately connected with the environmental mobility of 
particle associated contaminants. In natural environments, "particulate contaminants" 
undergo adsorption/desorption reactions following changes in pH, ionic strength, and 
redox conditions (just to mention a few key parameters) which are by far less strong than 
those used in sequential extraction protocols. A limiting biochemical case is the additional 
mobilisation of contaminants after particle ingestion by living organisms (Chen et al., 
2000; Turner and Olsen, 2000) whose digestive tracts are characterised by high 
concentrations of complexing substances (e.g. aminoacids and surfactants) and/or enzymes 
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(e.g. pepsin and trypsin). Such considerations on contaminant mobility equally apply to 
both settling particles and colloids. 
 
Perspectives and recommendations for future work: the most important fraction 
controlling the Kd variability should be the "weakly adsorbed" or "extractable" fraction. The 
approaches involving the use of mild extractants such as MgCl2 may be compared with other 
techniques better mimicking the processes occurring in natural environments, such as batch 
experiences with natural waters and particles in which pH and conductivity are modified within the 
range observed in the field. Validation of laboratory developed mild extraction by comparison with 
natural processes would be greatly beneficial for future studies. 
A related field is that of particulate element bioavailability via ingestion of particulate material. 
Characterisation of the digestive process and of the digestive environments of aquatic 
invertebrates is extremely difficult and many biologists prefer to redirect their curiosity toward less 
choppy waters. However, the big efforts required for gaining such knowledge will possibly open the 
way to the use of simplified techniques such as the use of BSA. This long term perspective will 
hopefully allow to reach a measurement of the truly bioavailable particulate fraction. 
 
It must also be remembered that settling particles and colloids show different chemical 
and physical behaviour in natural systems (Buffle et al., 1998). Although, for the moment, 
the separation between these two phases remains somehow operational, contaminant 
transfer between them dramatically influences the fate of contaminants (Honeyman and 
Santschi, 1989). The environmental chemist is therefore also faced with the challenge of 
continuously improving the tools to determine contaminant partitioning among true 
solution, colloids and settling particles as shown by the abundant literature on the subject 
(e.g. Buffle et al., 1992; Wen et al., 1999; Benedetti et al., 2003).  
 
Perspectives and recommendations for future work: integration of complementary 
techniques (e.g. TFF fractionation, TEM observations, XRF, XRD, SPC counting, biotest of the 
various fractions) will have to become a "more standard approach" in environmental studies. This 
will be the only way to gain a better view of the real field situation. 
 
In general, future improvements require a better focus on developing a more balanced 
environmental chemistry which, at present, remains too biased towards chemistry at the 
expenses of environmental. Apart from the above mentioned use of in situ devices (which 
constitute a sound example of unbiased environmental chemistry), the majority of studies 
concerning contaminant speciation is conducted under controlled laboratory conditions, 
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with simplified media and often in the absence of organic ligands which are usually the 
most important complexing agents in natural systems (Warren and Haack, 2001). The 
common reasoning is that the use of more complex matrices  would make it impossible to 
properly model the contribution of each ligand to contaminant speciation. True as this is, 
the use of simplified media alone surely makes extrapolation of laboratory results to 
natural systems equally problematic. 
This few meditations show how the solution of environmental problems requires a 
better integration between the traditional bottom-up approach of chemistry with the 
alternate top-down approach of ecology and other holistic sciences. Strategies such as 
those outlined as practical perspectives above can hopefully bring together the interpretation 
of the environment in the laboratory with the interpretation of chemistry in the 
environment or, in other words, would render the chemical experimentation a maximum of 
environmental relevance. In environmental sciences, unlike in pure laboratory experiences, 
the presence of uncontrolled parameters does not constitute at all sloppy chemistry, but an 
honest reconnaissance of the present limits of science as to the study of complex natural 
phenomena. This is not an proposition to abandon rigorous fundamental research for 
empirical studies alone, but an invitation to further spread the use such fundamental 
knowledge in a more field oriented way. 
 
Perspectives and recommendations for future work: laboratory experiences for Kd 
studies should be conducted preferably with field-collected particles and at realistic SPM vs. trace 
metal concentrations. Note that the use of ultracentrifugation can allow to set up similar 
experiences for colloids. Furthermore, a common way to determine Kd values is to spike pure 
mineral phases (and in a few cases natural particles) with radioisotopes. A more thorough 
comparison among the results of field and laboratory experiences in necessary to better focus the 
efforts of future research on Kd. 
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Appendix 1. Hydrological parameters and major ion concentration for all the sampling sites. Sample codes: refer to table 3.2 in the text. 
Sample code pH Alkalinity 
(mmol L-1) 
Conductivity 
(µS cm-1) 
Ca (mg L-1) K (mg L-1) Mg (mg L-1) Na (mg L-1) T (°C) SPM (mg L-1) % O2 
saturation 
DOC (mg L-1) 
BF 6.6 0.4 7.2 1.6 ± 0.1 0.294 ± 0.05 0.419 ± 0.04  1.6 121 ± 18 n.a. n.a. 
PDS1 
PDS2 
8.5 
8.2 
8.5 
1.6 
198 
392 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
14.5 
6.6 
n.a. 
92 ± 2 
93 
84 
n.a. 
n.a. 
1GC          
2GC               
ST             
3GC 
7.7 
7.8 
7.6 
7.8 
n.a. 
n.a. 
n.a. 
n.a. 
533 
536 
692 
687 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
12.6 
14.2 
21.6 
16 
37.6 
22.4 
2.3 
3.2 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
VE1# 
VE2 
VE3# 
n.a. 
8.5 
8.3 
n.a. 
5.4 
3.8 
n.a. 
392 
364 
78 ± 3 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
8.2 ± 0.2 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
10.2 
10.2 
21.9 
4.8 ± 0.8 
9.8 ± 1.9 
n.a. 
106 
90 
n.a. 
n.a. 
n.a. 
NA 8.3 5.0 564 n.a. n.a. n.a. n.a. 13.7 1.8 ± 0.6 90 n.a. 
D1 
D2 
D3 
D4 
D5 
D6 
D6bis (0.5m) 
D6bis (5m) 
D6bis (10m) 
D6bis (15m) 
D6bis (20m) 
D6bis (25m) 
D6bis (30m) 
D7 (1m) 
D7 (10m) 
D7 (20m) 
D7 (25m) 
D7 (26m) 
D8 
D9 
D10 
D11 
D12 
8.1 
8.7 
8.7 
7.9 
8.0 
8.1 
8.0 
8.3 
8.2 
8.1 
8.2 
8.1 
8.1 
n.a. 
8.1 
8.1 
8.0 
8.0 
8.4 
8.5 
9.0 
n.a. 
8.0 
3.1 
3.8 
3.6 
n.a 
2.7 
1.8 
2.7 
2.2 
2.2 
2.6 
2.3 
2.0 
1.8 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
2.8 
3.2 
2.5 
n.a. 
3.5 
348 
425 
404 
356 
198 
184 
198 
195 
194 
190 
188 
185 
184 
n.a. 
319 
336 
343 
344 
341 
325 
289 
n.a. 
304 
1.9 ± 0.1 
2.7 ± 0.2 
2.6 ± 0.3 
n.a. 
33 ± 0.1 
35 ± 0.1 
37 ± 0.1 
35 ± 1 
36 ± 1 
35 ± 1 
36 ± 1 
34 ± 0.1 
36 ± 1 
20 ± 1 
43 ± 1 
43 ± 1 
43 ± 1 
43 ± 1 
48 ± 1 
42 ± 1 
n.a. 
n.a. 
43 ± 1 
4.3 ± 1.0 
5.7 ± 0.5 
4.4 ± 0.2 
n.a. 
1.3 ± 0.01 
1.03 ± 0.03 
1.11 ± 0.01 
1.13 ± 0.03 
1.13 ± 0.03 
1.1 ± 0.1 
1.1 ± 0.06 
1.03 ± 0.03 
0.94 ± 0.06 
5.0 ± 0.1 
3.0 ± 0.2 
3.5 ± .01 
3.5 ± 0.1 
3.4 ± 0.1 
2.8 ± 0.3 
2.6 ± 0.1 
n.a. 
n.a. 
3.1 ± 0.2 
9.4 ± 0.3 
10.8 ± 0.5 
11.5 ± 1.0 
n.a. 
7.0 ± 0.1 
6.9 ± 0.3 
7.1 ± 0.2 
6.9 ± 0.2 
7.0 ± 0.1 
7.0 ± 0.2 
7.0 ± 0.2 
6.6 ± 0.1 
6.9 0.2 
3.4 ± 0.1 
8.4 ± 0.2 
8.7 ± 0.1 
8.6 ± 0.3 
8.7 ± 0.1 
9.3 ± 0.3 
8.9 ± 0.4 
n.a. 
n.a. 
9.0 ± 0.1 
18.2 ± 0.5 
29.1 ± 5.4 
19.3 ± 0.4 
n.a. 
9.2 ± 0.3 
4.1 ± 0.1 
4.4 ± 0.1 
4.6 ± 0.3 
4.2 ± 0.2 
4.1 ± 0.1 
4.1 ± 0.2 
3.8 ± 0.1 
4.0 ± 0.1 
9.2 ± 0.1 
17.2 ± 0.2 
17.1 ± 0.5 
18.3 ± 0.4 
18.9 ± 0.1 
20.0 ± 0.4 
17.8 ± 1.4 
n.a. 
n.a. 
16.3 ± 0.8 
2.7 
1.4 
3.5 
n.a. 
14.4 
12.6 
14.4 
13.9 
13.6 
13.3 
13.2 
12.8 
12.6 
n.a. 
2.0 
2.2 
2.5 
2.3 
2.6 
2.1 
2 
n.a. 
2.4 
2.2 ± 0.3 
3.5 ± 0.1 
n.a. 
4.3 ± 0.2 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
42 ± 3 
5.7 ± 0.1 
5.6 ± 0.2 
5.6 ± 0.8 
5.4 ± 1.0 
5.2 ± 0.4 
10.4 ± 0.5 
21.7 ± 2.5 
33.8 ± 6.0 
11.3 ± 1.5 
65 
66 
83 
58 
90 
74 
90 
85 
70 
79 
79 
78 
74 
n.a. 
82 
80 
70 
68 
74 
91 
108 
n.a. 
100 
1.8 ± 0.4 
3.4 ± 0.3 
2.7 ± 0.1 
4.8 ± 0.4 
3.0 ± 1.0 
2.7 ± 0.4 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
5.4 ± 0.2 
2.8 ± 0.3 
2.3 ± 0.1 
2.0 ± 0.1 
2.1 ± 0.1 
2.2 ± 0.3 
2.2 ± 0.4 
8.6 ± 0.1 
13.0 ± 0.6 
2.8 ± 0.2 
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Appendix 1 (continued) 
            
Sample code pH Alkalinity 
(mmol L-1) 
Conductivity 
(µS cm-1) 
Ca (mg L-1) K (mg L-1) Mg (mg L-1) Na (mg L-1) T (°C) SPM (mg L-1) % O2 
saturation 
DOC (mg L-1) 
PO1 
PO2 
PO3 
7.8 
7.8 
7.4 
2.4 
2.8 
4.9 
290 
345 
586 
48 ± 2 
59 ± 1 
94 ± 6 
1.1 ± 0.1 
1.2 ± 0.1 
3.7 ± 0.1 
8.9 ± 0.6 
10.1 ± 0.3 
14.1 ± 0.1 
8.7 ± 0.2 
12 ± 1 
31 ± 1 
22.5 
22.5 
22.0 
25.0 ± 0.3 
30.1 ± 1.2 
18.0 ± 1.7 
110 
75 
58 
1.6 ± 0.1 
1.5 ± 0.5 
3.2 ± 0.1 
V1 
V2 
V3 
V4 
7.8 
7.5 
7.7 
7.6 
2.0 
1.6 
3.0 
3.2 
187 
827 
1005 
2190 
34 ± 1 
47 ± 1 
74 ± 1 
98 ± 2 
4.1 ± 0.1 
8.6 ± 0.4 
12 ± 2 
15 ± 1 
3.8 ± 0.5 
14 ± 0.1 
30 ± 3 
31 ± 2 
11.8 ± 0.3 
169 ± 2 
287 ± 26 
441 ± 1 
13.7 
13.0 
13.2 
14.7 
91 ± 10 
76 ± 6 
54 ± 7 
9.4 ± 2.3 
80 
49 
69 
81 
n.a. 
7.5 ± 0.1 
1.5 ± 0.2 
0.67 ± 0.06 
MA1 
MA2 
MA3 
MA4 
MA5 
MA6 
8.4 
7.3 
8.1 
7.9 
8.0 
8.0 
6.0 
10 
8.0 
10 
6.0 
6.3 
1154 
1522 
1710 
1761 
930 
960 
29 ± 1 
55 ± 2 
55 ± 2 
79 ± 7 
45 ± 2 
42 ± 2 
4.1 ± 0.1 
13 ± 1 
23 ± 1 
54 ± 1 
4.6 ± 0.2 
5.0 ± 0.1 
30 ± 2 
21 ± 0.1 
30 ± 3 
31 ± 2 
14 ± 1 
14 ± 1 
120 ± 2 
120 ± 7 
155 ± 3 
160 ± 3 
80 ± 0.1 
89 ± 1 
25.1 
25.4 
24.5 
22.3 
23.2 
24.3 
55.5 ± 7.0 
144 ± 8 
254 ± 6 
525 ± 1 
175 ± 30 
290 ± 47 
80 
2 
0 
0 
48 
72 
1.8 ± 0.1 
12.4 ± 0.4 
44.8 ± 2.6 
95.8 ± 2.3 
n.a. 
n.a. 
LEM1 
LEM2 
LEM3 
LEM4 
8.6 
7.7 
7.0 
8.3 
n.a. 
n.a. 
n.a. 
n.a. 
231 
226 
236 
229 
43 ± 2 
42 ± 2 
45 ± 1 
45 ± 1 
n.a. 
n.a. 
n.a. 
n.a. 
5.2 ± 0.6 
5.1 ± 0.5 
5.7 ± 0.1 
5.7 ± 0.1 
n.a. 
n.a. 
n.a. 
n.a. 
7.5 
6.4 
7.8 
6.7 
0.18 ± 0.05 
0.49 ± 0.02 
1.23 ± 0.15 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
0.85 ± 0.02 
0.78 ± 0.01 
0.84 ± 0.01 
0.70 ± 0.01 
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Appendix 2. Organic carbon concentrations and mass balances for the different sampling campaigns. All 
concentrations are in mg L-1. See text (§ 4.1.1) for details. 
Nomenclature: refer to table 3.2 for the corresponding abbreviations of the sampling points. F1 and F10 = 
organic carbon concentration in filtered waters fed to the 1 and 10 kDa ultrafiltration cartridge respectively; P1 
and P10 = organic carbon concentration in the permeate of the 1 and 10 kDa ultrafiltration cartridge respectively; 
Coll1 and coll 10 = organic carbon associated with the colloidal fraction in the size range 1kDa-1.2µm and       
10 kDa - 1.2 µm respectively. 
 
 
2A: Dunajec (March 2001) 
 
 
 Concentration % mass balance 
 mean s.d. mean s.d. 
D1F1 1.559 0.012 108.1 1.3 
D1F10 2.311 0.018 259.2 2.2 
D1P1 0.748 0.008   
D1coll1 0.937 0.014   
D1P10 6.772 0.023   
D1coll10 -0.781 0.010   
     
     
D2F1 3.219 0.050 116.5 2.0 
D2F10 3.191 0.026 120.7 1.2 
D2P1 1.722 0.005   
D2coll1 2.030 0.023   
D2P10 3.333 0.017   
D2coll10 0.518 0.012   
     
     
D3F1 2.604 0.027 90.4 1.4 
D3F10 2.740 0.029 100.3 1.4 
D3P1 1.054 0.024   
D3coll1 1.300 0.009   
D3P10 2.260 0.024   
D3coll10 0.489 0.017   
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2B: Po (July 2001) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
Po1F1 1.088 0.024 181.7 4.5 
Po1F10 1.634 0.026 77.9 1.7 
Po1P1 1.561 0.018   
Po1coll1 0.416 0.014   
Po1P10 1.040 0.016   
Po1coll10 0.232 0.012   
     
     
Po2F1 1.156 0.010 105.8 1.7 
Po2F10 1.842 0.010 89.7 1.9 
Po2P1 0.711 0.014   
Po2coll1 0.512 0.008   
Po2P10 1.518 0.040   
Po2coll10 0.134 0.019   
     
     
Po3F1 3.134 0.016 106.6 0.9 
Po3F10 3.313 0.029 95.7 1.6 
Po3P1 1.964 0.005   
Po3coll1 1.378 0.022   
Po3P10 2.447 0.011   
Po3coll10 0.723 0.047   
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2C: Vistula (September 2001) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
V1F1 10.820 0.082 49.0 0.5 
V1F10 6.078 0.049 127.6 1.3 
V1P1 3.378 0.001   
V1coll1 1.919 0.033   
V1P10 6.806 0.042   
V1coll10 0.947 0.013   
     
     
V2F1 7.382 0.055 159.9 2.1 
V2F10 7.482 0.076 141.5 3.4 
V2P1 10.590 0.128   
V2coll1 1.212 0.028   
V2P10 9.712 0.228   
V2coll10 0.876 0.043   
     
     
V3F1 1.454 0.012 113.3 2.4 
V3F10 1.702 0.024 78.5 2.0 
V3P1 1.358 0.027   
V3coll1 0.290 0.016   
V3P10 1.177 0.028   
V3coll10 0.159 0.007   
     
     
V4F1 0.709 0.002 158.9 4.3 
V4F10 0.675 0.007 111.0 2.1 
V4P1 0.977 0.029   
V4coll1 0.150 0.010   
V4P10 0.598 0.004   
V4coll10 0.151 0.011   
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2 D: Dunajec (September 2001) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
D5F1 3.756 0.056 110.4 3.2 
D5F10 2.066 0.094 102.8 7.4 
D5P1 2.512 0.099   
D5coll1 1.636 0.024   
D5P10 1.430 0.002   
D5coll10 0.694 0.118   
     
     
D6F1 2.699 0.044 88.2 1.8 
D6F10 2.555 0.035 120.8 1.8 
D6P1 2.036 0.026   
D6coll1 0.344 0.016   
D6P10 2.630 0.019   
D6coll10 0.456 0.003   
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2 E: Lake of Geneva (March - April 2002) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
LEM1F1 0.837 0.011 93.6 1.8 
LEM1F10 0.863 0.005 93.7 1.4 
LEM1P1 0.407 0.005   
LEM1coll1 0.377 0.009   
LEM1P10 0.620 0.010   
LEM1coll10 0.189 0.010   
     
     
LEM2F1 0.777 0.015 94.5 2.3 
LEM2F10 0.780 0.006 98.0 1.2 
LEM2P1 0.453 0.009   
LEM2coll1 0.281 0.006   
LEM2P10 0.663 0.006   
LEM2coll10 0.101 0.006   
     
     
LEM3F1 0.848 0.011 97.9 2.2 
LEM3F10 0.835 0.006 97.5 1.8 
LEM3P1 0.445 0.006   
LEM3coll1 0.385 0.014   
LEM3P10 0.618 0.009   
LEM3coll10 0.196 0.012   
     
     
LEM4F1 0.687 0.015 100.6 2.9 
LEM4F10 0.703 0.006 99.1 1.5 
LEM4P1 0.385 0.009   
LEM4coll1 0.306 0.009   
LEM4P10 0.550 0.006   
LEM4coll10 0.146 0.009   
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2F: Sebou (May 2002) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
MA1F1 1.908 0.016 85.9 1.7 
MA1F10 1.797 0.008 84.1 1.5 
MA1P1 1.122 0.027   
MA1coll1 0.516 0.018   
MA1P10 1.118 0.012   
MA1coll10 0.393 0.024   
     
     
MA2F1 12.630 0.120 97.5 2.4 
MA2F10 12.090 0.150 99.6 1.1 
MA2P1 7.740 0.090   
MA2coll1 4.575 0.289   
MA2P10 9.000 0.060   
MA2coll10 3.043 0.115   
     
     
MA3F1 42.990 0.750 101.9 2.9 
MA3F10 46.710 0.420 92.1 2.0 
MA3P1 34.350 0.990   
MA3coll1 9.441 0.752   
MA3P10 37.530 0.540   
MA3coll10 5.472 0.732   
     
     
MA4F1 94.890 0.480 100.2 1.4 
MA4F10 96.720 0.660 98.8 1.2 
MA4P1 77.730 0.660   
MA4coll1 17.315 1.183   
MA4P10 87.630 0.660   
MA4coll10 7.911 0.902   
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2G: Dunajec (March 2003) 
 
 
 Concentration Mass balance 
 mean s.d. mean s.d. 
8DF1 2.437 0.038 85.6 2.2 
8DF10 1.876 0.026 111.8 3.0 
8DP1 1.295 0.013   
8Dcoll1 0.790 0.042   
8DP10 1.426 0.028   
8Dcoll10 0.672 0.039   
     
     
9DF1 2.575 0.037 102.4 3.2 
9DF10 1.941 0.017 111.6 4.1 
9DP1 1.549 0.048   
9Dcoll1 1.087 0.056   
9DP10 1.600 0.035   
9Dcoll10 0.565 0.069   
     
     
12DF1 3.019 0.012 79.6 1.1 
12DF10 2.854 0.017 94.6 1.3 
12DP1 1.437 0.011   
12Dcoll1 0.966 0.031   
12DP10 2.022 0.022   
12Dcoll10 0.679 0.027   
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Appendix 3. Certified elemental concentrations in the standard reference materials NIST 1643d (river water) and 
STSD-2 (stream sediment). Values are in µg L-1 for NIST 1643d and in µg g-1 for STSD-2. Both total and leachable 
(dilute HNO3 + diluted HCl reactive) metal concentration are available for STSD-2. As noted in the text (§ 4.4.2) 
marked differences for the digestion procedure were observed only for Al, Cr, Ti and V. 
 
 
 
 1643-d STSD-2 
  Total Leachable 
Al 127.6 ± 3.5 85,000 ± 2,100 n.a. 
Ti n.a. 4870 ± 400 n.a. 
V 35.1 ± 1.4 101 ± 10 58 ± 14 
Cr 18.53 ± 0.2 116 ± 13 50 ± 9 
Mn 37.66 ± 0.83 1060 ± 60 720 ± 120 
Fe 91.2 ± 3.9 52,000 ± 3,000 41,000 ± 4,000 
Co 25 ± 0.59 19 ± 2 17 ± 1 
Ni 58.1 ± 2.7 53 ± 6 47 ± 4 
Cu 20.5 ± 3.8 47 ± 5 43 ± 3 
Zn 72.48 ± 0.65 246 ± 21 216 ± 15 
As 56.2 ± 0.73 42 ± 3 32 ± 8 
Mo 112.9 ± 1.7 13 ± 2 13 ± 2 
Cd 6.47 ± 0.37 n.a. 0.8 ± 0.3 
Sb 54.1 ± 1.1 4.8 ± 0.4 2.6 ± 1.5 
Pb 18.15 ± 0.64 66 ± 4 66 ± 7 
U n.a. 18.6 ± 1 n.a. 
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Appendix 4. Complete results of TFF fractionations. Concentrations are the means of four analytical replicates ± 
1 standard deviation (s.d.). Mass balances (% mb) have been calculated according to formula 4A and are given 
as percentage values ± 1 standard error. Empty cells indicate results below detection limits (see table 4.1) or 
missing data (Sb and U). Only filterable concentrations are available for sites MA5 and MA6 (see table 3.2). 
CF = concentration factor attained during the TFF process. P = elemental concentration in the permeate, F = total 
filterable concentration, Coll = elemental concentration in colloids calculated according to formula (4A). The 
suffixes 1 and 10 indicate the results for the 1kDa and 10kDa cartridge respectively. No results are given for the 
10kDa cartridge for samples D3 and MA2 because of bad mass balances for all elements (see chapter 4). See 
Table 1.1 for sample codes. 
 
 
Sample CF 27 Al 27 Al 47 Ti 47 Ti 51 V 51 V 53 Cr 53 Cr 55 Mn 55 Mn 57 Fe 57 Fe 59 Co 59 Co 60 Ni 60 Ni
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 P1 2.7 0.17 -0.014 0.011 0.103 0.003 0.786 0.007 3.03 0.06 82 4 0.033 0.001 0.43 0.008
Coll1 7.8 0.34 0.181 0.034 0.030 0.001 0.764 0.022 2.91 0.04 25 1 0.021 0.001 0.19 0.005
4.39 F1 13.5 0.47 0.357 0.111 0.148 0.004 1.769 0.023 7.50 0.03 116 3 0.064 0.001 0.74 0.017
%mb1 77.6 3.9 46.7 17.6 89.6 3.2 87.6 1.7 79.3 1.0 92.2 4.1 84.4 2.3 83.7 2.3
P10 2.6 0.18 0.025 0.041 0.110 0.005 0.813 0.012 3.06 0.02 88 1 0.046 0.002 0.53 0.023
Coll10 7.4 0.40 0.219 0.088 0.027 0.002 0.584 0.007 3.04 0.01 20 1 0.014 0.001 0.13 0.008
4.38 F10 13.9 1.08 0.301 0.014 0.155 0.002 1.309 0.043 7.84 0.08 123 3 0.067 0.002 0.77 0.009
%mb10 71.4 14.0 81.2 131.3 88.2 5.8 106.7 4.1 77.7 1.0 88.1 4.3 87.8 4.6 85.3 3.7
D2 P1 10.6 0.09 0.001 0.030 0.127 0.004 7.02 0.05 13.01 0.15 101 5 0.102 0.003 0.45 0.008
Coll1 23.7 1.22 0.809 0.127 0.075 0.002 13.62 0.18 1.54 0.06 64 2 0.102 0.002 0.30 0.009
4.67 F1 30.5 0.80 0.699 0.136 0.205 0.002 25.77 0.35 15.36 0.25 184 3 0.250 0.005 0.89 0.025
%mb1 112.3 5.0 115.9 29.2 98.3 2.3 80.1 1.3 94.7 1.9 89.3 3.1 81.7 2.2 84.8 2.8
P10 11.2 0.28 0.017 0.013 0.142 0.006 11.58 0.07 12.55 0.12 107 1 0.141 0.001 0.59 0.011
Coll10 10.3 0.36 0.301 0.026 0.029 0.002 4.77 0.15 0.91 0.03 34 2 0.034 0.001 0.14 0.004
4.68 F10 28.7 0.45 0.643 0.181 0.199 0.002 19.50 0.24 14.66 0.20 185 3 0.212 0.007 0.90 0.020
%mb10 75.1 6.0 49.5 23.5 86.0 4.5 83.9 3.8 91.8 1.4 76.7 5.5 82.3 3.3 81.1 2.4
D3 P1 9.8 0.08 0.013 0.045 0.109 0.004 1.32 0.03 11.35 0.16 98 3 0.051 0.003 0.39 0.019
Coll1 11.0 0.45 0.435 0.042 0.042 0.001 2.23 0.01 1.35 0.06 59 1 0.038 0.001 0.20 0.010
3.56 F1 21.2 1.16 0.488 0.132 0.163 0.004 3.91 0.09 12.95 0.15 167 3 0.106 0.004 0.76 0.028
%mb1 97.8 5.8 91.8 27.9 92.7 3.3 90.7 2.2 98.1 1.7 93.8 2.6 84.4 4.8 77.9 4.0
D5 P1 7.9 0.14 0.061 0.007 0.171 0.003 0.532 0.008 1.48 0.04 63 2 0.036 0.001 0.70 0.007
Coll1 5.2 0.73 0.106 0.135 0.020 0.005 0.075 0.024 0.55 0.10 11 3 0.014 0.002 0.23 0.043
4.81 F1 25.9 0.36 0.269 0.004 0.216 0.003 0.718 0.029 3.19 0.03 102 4 0.064 0.001 1.33 0.014
%mb1 50.6 2.9 62.3 50.3 88.2 2.8 84.5 3.7 63.4 3.2 72.6 3.3 77.8 4.0 69.7 3.3
P10 8.8 0.12 0.063 0.010 0.158 0.001 0.514 0.008 1.21 0.09 63 3 0.041 0.001 0.84 0.005
Coll10 12.6 1.00 0.212 0.179 0.036 0.005 0.107 0.034 1.05 0.11 23 4 0.014 0.003 0.20 0.022
3.76 F10 24.2 0.34 0.266 0.010 0.202 0.004 0.686 0.031 2.95 0.07 97 2 0.062 0.002 1.28 0.007
%mb10 88.2 0.2 103.1 0.2 96.1 0.0 90.5 0.2 76.5 0.1 89.2 1.1 89.7 0.1 81.3 0.0
D6 P1 7.4 0.08 0.059 0.005 0.110 0.003 0.281 0.012 4.30 0.10 60 1 0.036 0.000 0.55 0.013
Coll1 5.3 0.37 0.156 0.164 0.019 0.004 0.154 0.025 0.31 0.12 10 3 0.015 0.003 0.24 0.034
3.68 F1 14.4 0.21 0.117 0.012 0.131 0.004 0.606 0.010 5.07 0.12 76 2 0.058 0.002 1.07 0.019
%mb1 88.5 2.6 183.5 142.1 98.7 3.9 71.8 4.6 90.9 3.2 90.7 4.1 87.7 5.0 73.6 3.5
P10 11.1 0.24 0.069 0.008 0.101 0.003 0.527 0.019 2.06 0.07 62 2 0.043 0.001 0.80 0.008
Coll10 9.3 1.57 0.235 0.316 0.024 0.010 0.076 0.022 0.41 0.08 14 4 0.010 0.003 0.20 0.030
5.95 F10 24.8 0.74 0.336 0.091 0.134 0.003 0.528 0.011 2.77 0.10 87 4 0.057 0.002 1.19 0.007
%mb10 82.2 0.4 90.5 6.7 93.1 0.0 114.3 0.1 89.1 0.1 88.1 1.1 92.1 0.1 84.1 0.0
D8 P1 1.0 0.06 0.223 0.015 0.106 0.002 1.537 0.039 27.80 0.47 131 4 0.052 0.001 0.63 0.020
Coll1 0.3 0.05 0.011 0.011 0.009 0.001 0.614 0.039 1.01 0.36 9 2 0.020 0.002 0.21 0.013
3.12 F1 1.9 0.12 0.252 0.023 0.120 0.005 2.119 0.068 30.12 0.79 145 6 0.074 0.001 0.90 0.031
%mb1 68.5 4.6 92.9 8.2 96.1 2.2 101.5 2.7 95.6 2.0 96.1 3.0 97.1 2.6 93.3 2.7
P10 0.8 0.04 0.245 0.086 0.111 0.002 1.900 0.090 30.30 1.10 138 7 0.067 0.001 1.26 0.055
Coll10 0.5 0.03 0.006 0.033 0.005 0.002 0.275 0.040 0.61 0.46 6 3 0.008 0.001 0.04 0.023
2.8 F10 1.7 0.17 0.222 0.015 0.121 0.005 2.216 0.060 31.87 1.01 146 9 0.076 0.004 1.27 0.005
%mb10 79.1 4.0 113.3 42.1 95.9 2.3 98.1 4.5 97.0 3.8 98.9 5.9 99.0 2.3 103.2 4.7  
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Appendix 4. (continued) 
 
 
Sample CF 63 Cu 63 Cu 66 Zn 66 Zn 75 As 75 As 95 Mo 95 Mo 114 Cd 114 Cd 121 Sb 121 Sb 206 Pb 206 Pb 238 U 238 U
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 P1 0.66 0.010 0.62 0.007 0.32 0.052 0.394 0.006 -0.020 0.001 0.294 0.003
Coll1 0.30 0.006 0.25 0.008 0.06 0.014 0.034 0.003 0.051 0.001 0.038 0.001
4.39 F1 1.05 0.007 0.96 0.019 0.39 0.042 0.441 0.006 0.050 0.001 0.338 0.001
%mb1 91.6 1.3 90.0 2.1 97.2 17.4 97.0 2.0 62.0 2.5 98.1 0.9
P10 0.89 0.020 0.49 0.011 0.33 0.013 0.457 0.009 -0.009 0.002 0.351 0.004
Coll10 0.16 0.005 0.23 0.009 0.05 0.006 0.014 0.004 0.032 0.001 0.014 0.001
4.38 F10 1.10 0.009 1.14 0.038 0.42 0.033 0.484 0.006 0.052 0.002 0.366 0.001
%mb10 94.8 2.1 62.7 2.5 90.0 8.9 97.3 3.0 44.9 5.0 99.7 0.8
D2 P1 1.77 0.004 2.38 0.024 0.25 0.044 0.365 0.006 0.017 0.001 0.271 0.004
Coll1 0.50 0.003 1.96 0.044 0.11 0.022 0.056 0.007 0.086 0.001 0.065 0.001
4.67 F1 2.47 0.018 7.15 0.084 0.43 0.081 0.446 0.011 0.250 0.002 0.345 0.002
%mb1 91.9 0.7 60.7 1.0 83.4 19.3 94.4 3.2 41.5 0.6 97.4 1.4
P10 2.37 0.020 1.58 0.032 0.31 0.029 0.556 0.012 0.020 0.001 0.335 0.003
Coll10 0.32 0.016 0.83 0.026 0.05 0.014 0.038 0.004 0.057 0.000 0.011 0.001
4.68 F10 2.15 0.018 4.95 0.136 0.39 0.034 0.447 0.016 0.147 0.006 0.344 0.006
%mb10 125.0 1.6 48.7 2.8 92.2 17.9 132.8 6.0 52.4 2.3 100.7 2.1
D3 P1 0.72 0.006 1.02 0.035 0.24 0.014 0.419 0.012 -0.008 0.001 0.308 0.001
Coll1 0.46 0.006 0.95 0.009 0.10 0.013 0.048 0.004 0.090 0.005 0.062 0.001
3.56 F1 1.13 0.005 3.29 0.129 0.36 0.054 0.464 0.008 0.069 0.001 0.374 0.004
%mb1 104.1 0.9 59.9 2.6 92.7 14.8 100.7 3.2 118.4 8.1 99.0 1.2
D5 P1 1.39 0.011 27.34 0.179 0.76 0.043 0.516 0.008 0.054 0.001
Coll1 0.84 0.058 12.27 1.049 0.04 0.055 0.028 0.021 0.099 0.004
4.81 F1 2.07 0.029 40.00 0.556 0.84 0.016 0.522 0.003 0.418 0.001
%mb1 107.8 2.8 99.0 2.7 94.4 8.3 104.2 4.2 36.6 0.950
P10 1.13 0.013 24.42 0.297 0.79 0.020 0.515 0.011 0.051 0.002
Coll10 0.37 0.027 4.27 0.479 0.03 0.052 0.012 0.015 0.205 0.004
3.76 F10 1.54 0.001 34.69 0.437 0.82 0.041 0.525 0.009 0.381 0.002
%mb10 96.9 0.0 82.7 0.1 99.3 0.3 100.3 0.0 67.2 0.003
D6 P1 0.61 0.012 51.01 0.165 0.70 0.028 0.452 0.012 0.059 0.001
Coll1 0.57 0.038 5.85 0.391 0.05 0.039 0.039 0.014 0.065 0.003
3.68 F1 1.33 0.015 70.64 0.515 0.75 0.055 0.508 0.006 0.196 0.001
%mb1 88.3 3.0 80.5 0.6 99.6 6.9 96.7 3.7 63.2 1.6
P10 0.93 0.015 52.62 0.851 0.70 0.025 0.494 0.005 0.054 0.002
Coll10 0.38 0.054 6.04 1.275 0.02 0.041 0.013 0.012 0.126 0.010
5.95 F10 1.48 0.017 76.79 0.261 0.71 0.026 0.505 0.013 0.283 0.002
%mb10 88.6 0.0 76.4 0.3 101.1 0.1 100.4 0.1 63.8 0.0
D8 P1 1.16 0.006 1.31 0.035 0.39 0.026 0.426 0.012 0.127 0.003 0.019 0.001 0.359 0.002
Coll1 0.36 0.017 0.13 0.018 0.05 0.018 0.052 0.007 0.013 0.002 0.008 0.001 0.056 0.003
3.12 F1 1.46 0.029 1.47 0.036 0.43 0.050 0.476 0.015 0.142 0.006 0.022 0.001 0.427 0.006
%mb1 104.4 1.3 97.8 2.7 102.5 8.8 100.4 3.0 98.7 2.7 124.2 5.8 97.2 0.8
P10 1.33 0.058 1.50 0.082 0.41 0.039 0.468 0.015 0.137 0.006 0.017 0.001 0.407 0.007
Coll10 0.15 0.027 0.95 0.041 0.02 0.020 0.014 0.010 0.006 0.002 0.010 0.001 0.018 0.003
2.8 F10 1.42 0.043 1.55 0.050 0.45 0.050 0.484 0.011 0.145 0.006 0.020 0.001 0.425 0.007
%mb10 104.3 4.6 157.5 6.1 94.7 10.9 99.6 3.8 98.4 4.6 136.8 5.9 99.9 1.8  
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Appendix 4. (continued) 
 
 
Sample CF 27 Al 27 Al 47 Ti 47 Ti 51 V 51 V 53 Cr 53 Cr 55 Mn 55 Mn 57 Fe 57 Fe 59 Co 59 Co 60 Ni 60 Ni
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D9 P1 2.0 0.10 0.192 0.011 0.146 0.007 1.120 0.081 6.87 0.17 128 7 0.058 0.002 0.59 0.029
Coll1 1.6 0.07 0.073 0.012 0.014 0.002 0.746 0.028 0.40 0.06 11 2 0.018 0.001 0.20 0.006
4.81 F1 4.8 0.15 0.337 0.069 0.167 0.001 2.262 0.059 7.99 0.06 145 6 0.079 0.002 0.85 0.033
%mb1 72.6 2.6 78.8 8.2 95.9 4.3 82.5 3.8 91.0 2.2 96.0 5.5 96.6 3.0 92.5 3.6
P10 1.6 0.02 0.184 0.015 0.150 0.005 1.522 0.014 6.84 0.22 128 9 0.066 0.004 0.66 0.015
Coll10 2.5 0.11 0.084 0.017 0.012 0.003 0.501 0.021 0.39 0.10 13 5 0.010 0.002 0.12 0.020
3.33 F10 4.5 0.22 0.309 0.070 0.167 0.004 2.254 0.077 8.05 0.17 145 5 0.082 0.000 0.86 0.035
%mb10 91.3 2.6 86.8 11.7 97.0 3.5 89.8 1.2 89.8 3.1 97.0 7.5 92.2 5.3 90.8 3.1
D12 P1 1.4 0.05 0.179 0.019 0.124 0.002 1.014 0.028 17.26 0.15 133 6 0.064 0.001 0.65 0.023
Coll1 3.7 0.18 0.168 0.018 0.018 0.002 0.453 0.016 0.46 0.07 12 1 0.017 0.001 0.21 0.010
4.84 F1 10.2 0.29 0.442 0.075 0.158 0.003 1.554 0.065 18.63 0.25 151 7 0.088 0.001 0.96 0.023
%mb1 50.3 1.9 78.5 8.2 89.6 1.7 94.4 2.3 95.1 0.9 95.7 4.4 91.5 1.8 90.2 2.7
P10 1.6 0.12 0.185 0.024 0.126 0.007 1.415 0.037 18.55 0.47 132 13 0.074 0.004 0.84 0.055
Coll10 6.4 0.15 0.297 0.126 0.023 0.002 0.280 0.017 0.57 0.21 14 5 0.011 0.001 0.13 0.022
3.33 F10 10.0 0.40 0.522 0.066 0.161 0.002 1.576 0.004 19.73 0.33 157 9 0.086 0.002 0.99 0.030
%mb10 79.9 2.1 92.3 26.0 92.8 4.6 107.5 2.6 96.9 2.6 92.9 9.1 98.6 4.9 97.7 6.1
Po1 P1 7.9 0.14 0.163 0.013 0.438 0.007 0.712 0.072 5.81 0.04 63 1 0.029 0.003 0.79 0.016
Coll1 2.1 0.15 0.031 0.005 0.020 0.002 0.100 0.020 0.49 0.02 6 1 0.013 0.001 0.17 0.008
3.78 F1 16.0 0.38 0.282 0.057 0.468 0.006 0.792 0.046 6.98 0.09 74 4 0.047 0.003 1.28 0.023
%mb1 62.3 1.9 68.7 14.7 97.8 1.9 102.5 11.1 90.3 1.3 92.7 5.2 88.7 9.4 74.7 1.9
P10 9.2 0.07 0.167 0.015 0.439 0.008 0.667 0.049 5.73 0.07 62 2 0.035 0.001 0.98 0.017
Coll10 4.4 0.07 0.112 0.013 0.019 0.002 0.006 0.014 0.60 0.02 9 1 0.008 0.001 0.11 0.005
4.35 F10 15.6 0.44 0.241 0.021 0.466 0.005 0.859 0.053 6.75 0.07 71 2 0.045 0.001 1.32 0.013
%mb10 87.2 2.6 115.9 12.8 98.2 2.1 78.3 7.7 93.8 1.4 99.6 4.6 95.7 3.8 83.0 1.5
Po2 P1 6.2 0.07 0.154 0.011 0.496 0.001 0.353 0.040 9.17 0.07 70 3 0.049 0.001 1.10 0.008
Coll1 1.4 0.05 0.036 0.004 0.020 0.001 0.066 0.007 0.58 0.02 7 1 0.016 0.001 0.24 0.008
6.37 F1 11.5 0.23 0.235 0.025 0.534 0.007 0.426 0.031 10.57 0.04 81 2 0.073 0.001 1.75 0.019
%mb1 66.5 1.5 81.0 9.9 96.7 1.3 98.4 11.9 92.3 0.8 94.6 4.2 88.6 2.2 76.9 1.1
P10 6.1 0.06 0.140 0.007 0.502 0.004 0.375 0.040 9.45 0.04 73 1 0.057 0.001 1.28 0.026
Coll10 3.4 0.12 0.116 0.022 0.018 0.002 0.162 0.012 0.61 0.03 9 1 0.009 0.001 0.14 0.012
3.7 F10 11.1 0.15 0.230 0.020 0.526 0.005 0.631 0.014 10.52 0.07 80 3 0.069 0.002 1.71 0.036
%mb10 86.0 1.7 111.5 14.0 98.9 1.3 85.0 6.9 95.6 0.8 102.1 4.0 95.7 3.0 83.0 2.4
Po3 P1 7.0 0.12 0.299 0.010 1.021 0.018 0.084 0.021 58.44 0.79 114 2 0.267 0.005 5.05 0.055
Coll1 12.7 0.23 0.549 0.049 0.053 0.005 0.685 0.017 0.80 0.21 59 1 0.075 0.003 1.12 0.015
4.73 F1 22.3 0.71 0.800 0.114 1.067 0.016 0.903 0.025 60.87 0.89 183 1 0.354 0.003 6.74 0.029
%mb1 88.2 3.0 106.1 16.3 100.6 2.3 85.2 3.9 97.3 2.0 94.3 1.1 96.6 1.9 91.4 0.9
P10 6.7 0.15 0.333 0.008 1.025 0.011 0.382 0.065 58.04 0.33 120 2 0.306 0.004 5.65 0.031
Coll10 13.3 0.25 0.500 0.085 0.041 0.004 0.511 0.021 -1.49 0.15 56 1 0.029 0.001 0.50 0.013
3.64 F10 20.9 0.37 0.794 0.071 1.071 0.009 1.061 0.030 61.00 0.18 184 5 0.348 0.001 6.77 0.066
%mb10 95.2 2.2 104.9 14.2 99.5 1.4 84.2 6.9 92.7 0.7 95.4 2.7 96.3 1.2 90.8 1.0
V1 P1 2.5 0.12 0.103 0.005 0.441 0.002 0.135 0.006 31.83 0.23 57 2 0.083 0.001 0.81 0.018
Coll1 90.4 32.17 3.813 3.311 0.184 0.049 0.297 0.030 2.71 0.91 92 23 0.068 0.011 0.54 0.091
4.41 F1 57.6 1.57 1.683 0.117 0.581 0.016 0.647 0.012 36.65 0.38 148 1 0.169 0.002 1.61 0.026
%mb1 161.4 56.0 232.7 197.9 107.6 8.6 66.8 4.8 94.2 2.6 101.0 15.6 89.2 6.5 83.8 5.7
P10 3.0 0.03 0.126 0.009 0.450 0.004 0.492 0.018 34.93 0.09 62 2 0.109 0.003 1.16 0.018
Coll10 75.6 19.49 3.180 2.023 0.148 0.019 0.152 0.029 1.64 0.32 74 4 0.042 0.008 0.32 0.038
5.35 F10 58.8 1.73 1.842 0.051 0.579 0.005 0.621 0.009 37.95 0.34 137 3 0.170 0.003 1.62 0.042
%mb10 133.5 6.1 179.5 1.0 103.2 0.0 103.7 0.0 96.4 0.1 99.0 1.0 89.1 0.0 90.9 0.1  
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Appendix 4. (continued)  
 
 
Sample CF 63 Cu 63 Cu 66 Zn 66 Zn 75 As 75 As 95 Mo 95 Mo 114 Cd 114 Cd 121 Sb 121 Sb 206 Pb 206 Pb 238 U 238 U
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D9 P1 1.48 0.055 2.84 0.154 0.39 0.022 0.418 0.028 0.146 0.012 0.021 0.001 0.374 0.008
Coll1 0.40 0.020 -0.04 0.033 0.05 0.014 0.043 0.008 0.013 0.003 0.009 0.000 0.041 0.002
4.81 F1 1.36 0.028 1.26 0.012 0.47 0.049 0.478 0.010 0.154 0.002 0.018 0.001 0.415 0.008
%mb1 138.2 4.4 223.3 12.6 95.7 6.6 96.5 6.1 103.3 8.0 165.2 6.6 99.9 2.0
P10 1.48 0.013 2.72 0.054 0.43 0.054 0.453 0.009 0.151 0.005 0.016 0.001 0.391 0.005
Coll10 0.11 0.013 -0.44 0.023 0.02 0.018 0.014 0.007 0.005 0.002 0.010 0.001 0.015 0.002
3.33 F10 1.38 0.043 2.85 0.042 0.52 0.032 0.473 0.021 0.159 0.008 0.019 0.001 0.415 0.003
%mb10 114.7 1.4 79.9 2.1 87.3 11.3 98.8 2.6 98.2 3.7 134.8 7.6 97.9 1.3
D12 P1 1.05 0.038 2.40 0.052 0.40 0.049 0.464 0.023 0.139 0.003 0.010 0.001 0.359 0.007
Coll1 0.43 0.010 0.37 0.029 0.04 0.011 0.042 0.006 0.011 0.002 0.017 0.000 0.034 0.002
4.84 F1 1.34 0.011 2.67 0.064 0.43 0.038 0.530 0.010 0.152 0.003 0.020 0.001 0.401 0.005
%mb1 109.8 2.9 104.0 2.3 103.0 12.5 95.5 4.5 98.8 2.4 134.7 5.8 98.1 1.8
P10 2.34 0.060 6.33 0.199 0.38 0.027 0.495 0.021 0.146 0.007 0.071 0.003 0.374 0.011
Coll10 0.96 0.051 -0.39 0.065 0.02 0.017 0.022 0.008 0.008 0.004 0.065 0.002 0.018 0.004
3.33 F10 1.79 0.021 4.10 0.115 0.44 0.039 0.523 0.007 0.155 0.007 0.036 0.002 0.403 0.008
%mb10 183.9 4.4 144.9 5.2 91.2 8.1 98.8 4.3 99.2 5.4 379.1 11.2 97.2 2.9
Po1 P1 0.75 0.007 3.05 0.026 1.74 0.021 0.706 0.004 0.015 0.002 0.121 0.008 0.002 0.001 0.709 0.016
Coll1 0.31 0.005 0.38 0.012 0.12 0.007 0.071 0.003 0.000 0.001 0.004 0.002 0.026 0.001 0.078 0.006
3.78 F1 1.31 0.014 4.76 0.106 1.84 0.018 0.713 0.004 0.014 0.001 0.118 0.001 0.061 0.003 0.792 0.007
%mb1 81.1 1.1 72.1 1.7 101.2 1.6 109.0 1.0 106.1 7.3 47.1 2.6 99.4 2.3
P10 0.90 0.009 4.30 0.051 1.79 0.023 0.748 0.016 0.009 0.001 0.121 0.006 0.011 0.001 0.758 0.017
Coll10 0.15 0.003 0.33 0.017 0.04 0.008 0.019 0.004 0.002 0.001 0.001 0.002 0.040 0.001 0.025 0.005
4.35 F10 1.18 0.017 4.83 0.041 1.85 0.034 0.717 0.006 0.012 0.002 0.121 0.008 0.054 0.001 0.796 0.016
%mb10 89.1 1.5 95.9 1.4 99.5 2.2 106.9 2.4 100.9 8.8 93.5 3.5 98.4 3.0
Po2 P1 0.88 0.022 2.84 0.046 1.83 0.030 0.720 0.006 0.006 0.002 0.139 0.005 0.009 0.001 0.820 0.015
Coll1 0.31 0.006 0.40 0.012 0.10 0.009 0.053 0.002 0.002 0.000 0.007 0.003 0.037 0.000 0.070 0.003
6.37 F1 1.33 0.015 3.63 0.044 1.96 0.021 0.727 0.018 0.011 0.002 0.140 0.010 0.073 0.001 0.912 0.018
%mb1 89.6 2.0 89.2 1.7 98.7 1.9 106.4 2.8 68.0 22.9 104.6 8.4 62.5 1.1 97.6 2.5
P10 1.13 0.011 3.10 0.043 1.90 0.018 0.765 0.020 0.011 0.001 0.145 0.002 0.020 0.001 0.887 0.021
Coll10 0.18 0.005 0.31 0.024 0.05 0.010 0.021 0.006 0.001 0.000 0.004 0.002 0.048 0.001 0.024 0.007
3.7 F10 1.33 0.010 3.56 0.034 1.93 0.039 0.723 0.014 0.014 0.001 0.158 0.009 0.070 0.000 0.897 0.016
%mb10 98.4 1.1 95.8 1.6 100.9 2.3 108.7 3.5 84.1 11.3 94.5 5.8 96.1 2.8 101.6 3.1
Po3 P1 2.20 0.096 10.32 0.113 3.31 0.058 1.281 0.035 0.003 0.001 0.428 0.007 0.143 0.005 1.56 0.039
Coll1 1.08 0.022 4.31 0.038 0.25 0.013 0.076 0.008 0.020 0.001 0.017 0.004 0.378 0.002 0.13 0.009
4.73 F1 3.38 0.042 15.17 0.081 3.63 0.033 1.343 0.025 0.026 0.001 0.435 0.008 0.617 0.005 1.69 0.032
%mb1 97.2 3.2 96.4 0.9 98.3 1.9 101.0 3.3 8793.3 661.2 102.3 2.6 84.4 1.1 100.0 3.0
P10 2.30 0.035 11.87 0.122 3.46 0.036 1.314 0.016 0.002 0.001 0.423 0.010 0.175 0.004 1.65 0.022
Coll10 0.96 0.019 2.65 0.057 0.14 0.015 0.030 0.006 0.021 0.001 0.008 0.006 0.355 0.001 0.04 0.008
3.64 F10 3.37 0.017 15.52 0.057 3.65 0.040 1.341 0.009 0.029 0.002 0.435 0.013 0.609 0.006 1.68 0.021
%mb10 96.7 1.3 93.6 0.9 98.5 1.5 100.3 1.4 8303.3 695.5 99.1 4.0 87.1 1.1 100.9 1.9
V1 P1 1.24 0.015 8.15 0.087 1.08 0.018 0.378 0.010 0.022 0.001 0.026 0.001
Coll1 1.13 0.132 4.39 0.684 0.14 0.071 0.034 0.024 0.029 0.011 0.251 0.023
4.41 F1 2.44 0.048 11.88 0.170 1.29 0.033 0.410 0.016 0.069 0.003 0.201 0.001
%mb1 97.0 5.5 105.5 5.8 94.4 5.8 100.6 6.6 73.3 16.0 137.6 11.5
P10 1.59 0.032 6.40 0.097 1.18 0.024 0.405 0.003 0.004 0.003 0.017 0.001
Coll10 0.62 0.085 1.94 0.163 0.07 0.047 0.016 0.013 0.025 0.005 0.133 0.013
5.35 F10 2.37 0.040 9.09 0.047 1.28 0.022 0.422 0.009 0.050 0.002 0.159 0.002
%mb10 93.4 0.0 91.8 0.0 97.5 0.0 99.8 0.1 57.0 0.1 94.6 0.0  
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Appendix 4. (continued)  
 
 
Sample CF 27 Al 27 Al 47 Ti 47 Ti 51 V 51 V 53 Cr 53 Cr 55 Mn 55 Mn 57 Fe 57 Fe 59 Co 59 Co 60 Ni 60 Ni
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
V2 P1 8.8 0.09 0.203 0.018 0.717 0.008 0.98 0.02 98.97 1.07 93 4 0.305 0.005 1.68 0.027
Coll1 47.7 0.42 1.908 0.462 0.127 0.026 0.21 0.07 1.67 1.70 73 6 0.079 0.009 0.67 0.069
4.62 F1 49.8 0.47 1.531 0.093 0.872 0.005 1.27 0.03 103.00 0.69 193 4 0.436 0.005 3.09 0.021
%mb1 113.4 0.9 137.9 30.7 96.8 3.1 93.2 5.6 97.7 2.0 86.1 4.0 88.1 2.3 76.1 2.4
V2 P10 8.3 0.14 0.254 0.017 0.728 0.006 0.79 0.01 78.07 0.43 98 2 0.291 0.004 2.31 0.025
Coll10 64.7 9.99 3.274 2.297 0.146 0.019 0.21 0.07 0.82 0.77 98 8 0.038 0.005 0.37 0.032
5.35 F10 66.7 1.00 2.105 0.348 0.900 0.014 1.40 0.01 79.93 0.46 219 3 0.361 0.004 3.02 0.029
%mb10 109.4 2.5 167.6 5.5 97.1 0.0 71.7 0.0 98.7 0.2 89.3 1.8 91.2 0.0 88.9 0.0
V3 P1 6.6 0.07 0.282 0.023 0.891 0.010 1.42 0.05 132.80 1.20 132 2 0.533 0.004 2.29 0.026
Coll1 6.4 0.31 0.300 0.215 0.049 0.012 0.16 0.05 0.33 1.32 25 5 0.075 0.006 0.66 0.099
4.2 F1 15.6 0.16 0.600 0.051 0.989 0.007 1.50 0.02 133.70 0.43 182 4 0.655 0.007 3.68 0.029
%mb1 83.3 2.1 97.0 36.8 95.0 1.6 105.4 4.4 99.6 1.3 86.1 3.0 92.8 1.1 80.0 2.8
V3 P10 7.3 0.07 0.282 0.007 0.898 0.010 1.47 0.02 145.70 2.15 126 4 0.668 0.008 3.02 0.071
Coll10 3.9 0.66 0.161 0.083 0.019 0.012 0.04 0.04 0.41 2.19 16 5 0.025 0.012 0.25 0.084
6.51 F10 11.9 0.35 0.563 0.059 0.939 0.014 1.58 0.04 147.00 0.97 151 6 0.732 0.009 3.71 0.067
%mb10 93.7 0.2 78.8 0.9 97.7 0.0 95.2 0.1 99.4 0.7 94.4 1.4 94.7 0.0 88.2 0.1
V4 P1 8.9 0.15 0.323 0.022 0.868 0.006 2.33 0.05 250.60 1.91 168 2 0.857 0.010 3.02 0.022
Coll1 3.9 0.66 0.186 0.293 0.040 0.008 0.16 0.06 1.87 3.51 23 5 0.060 0.019 0.45 0.065
3.91 F1 14.4 0.38 0.520 0.079 0.895 0.007 2.42 0.07 253.20 0.94 198 5 0.954 0.007 4.26 0.064
%mb1 88.6 4.8 98.0 58.7 101.5 1.2 103.1 438.9 99.7 1.6 96.2 2.8 96.1 2.3 81.6 1.6
P10 7.6 0.17 0.345 0.012 0.887 0.010 2.63 0.02 253.90 2.53 168 4 0.916 0.012 3.60 0.040
Coll10 2.7 0.79 0.122 0.092 0.022 0.012 0.16 0.03 1.04 2.90 22 5 0.017 0.018 0.19 0.046
4.9 F10 10.6 0.32 0.439 0.050 0.894 0.005 2.73 0.02 256.60 3.96 196 4 0.972 0.005 4.38 0.028
%mb10 97.5 0.3 106.5 1.4 101.7 0.0 1.0 1.1 99.4 0.9 97.1 1.4 96.0 0.0 86.5 0.0
MA1 P1 0.6 0.02 0.093 0.007 1.322 0.014 0.296 0.002 2.34 0.19 101 4 0.075 0.003 0.52 0.025
Coll1 2.9 0.10 0.134 0.044 0.555 0.026 0.215 0.005 0.81 0.12 51 3 0.057 0.003 0.31 0.021
1.54 F1 5.5 0.15 0.345 0.026 2.146 0.024 0.593 0.009 3.60 0.03 178 4 0.151 0.003 0.81 0.028
%mb1 64.8 2.0 65.9 13.2 87.4 1.4 86.1 1.0 87.2 6.3 85.5 3.0 87.5 3.0 102.2 4.2
P10 0.6 0.04 0.178 0.006 2.095 0.028 0.553 0.005 3.31 0.03 165 3 0.129 0.003 0.77 0.020
Coll10 1.5 0.11 0.066 0.050 0.046 0.022 0.007 0.008 0.14 0.03 4 2 0.016 0.004 0.02 0.018
1.6 F10 3.1 0.04 0.296 0.043 2.168 0.021 0.572 0.010 3.48 0.03 176 4 0.150 0.004 0.71 0.013
%mb10 66.3 3.6 82.5 18.8 98.7 1.6 97.9 1.8 99.1 1.3 96.2 2.1 96.8 3.2 110.8 3.8
MA2 P1 4.0 0.10 0.724 0.043 0.556 0.012 2.19 0.012 29.32 0.31 144 5 0.211 0.006 8.40 0.072
Coll1 2.8 0.08 0.270 0.037 0.041 0.008 4.98 0.026 0.07 0.22 42 3 0.111 0.005 3.20 0.065
1.79 F1 22.0 0.32 0.920 0.043 0.521 0.006 6.56 0.012 25.78 0.16 163 1 0.282 0.005 10.22 0.067
%mb1 31.0 0.6 108.0 6.4 114.5 2.8 109.2 0.4 114.0 1.5 114.1 3.4 114.0 2.7 113.5 1.0
MA3 P1 4.9 0.07 0.729 0.028 1.044 0.019 38.83 0.203 16.59 0.19 126 1 0.223 0.002 2.47 0.031
Coll1 4.9 0.18 1.179 0.060 0.894 0.020 221.68 0.220 10.37 0.23 168 3 0.333 0.006 3.18 0.065
1.43 F1 9.7 0.23 1.868 0.022 2.181 0.027 264.87 0.102 30.30 0.37 311 7 0.561 0.011 5.30 0.081
%mb1 101.3 2.0 102.1 3.6 88.9 1.3 98.4 0.1 89.0 1.0 94.3 1.0 99.1 1.1 106.6 1.4
P10 3.4 0.09 0.774 0.055 1.035 0.001 66.39 0.393 15.60 0.15 133 4 0.261 0.004 2.56 0.038
Coll10 4.9 0.08 0.793 0.049 0.676 0.018 135.36 0.267 8.10 0.15 116 3 0.199 0.002 1.77 0.043
1.76 F10 7.1 0.14 1.282 0.035 1.520 0.026 188.09 0.203 20.93 0.18 220 6 0.407 0.008 3.66 0.065
%mb10 115.7 1.8 122.2 5.8 112.6 1.2 107.3 0.3 113.2 1.0 113.1 2.2 113.0 1.2 118.2 1.6  
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Appendix 4. (continued) 
 
 
Sample CF 63 Cu 63 Cu 66 Zn 66 Zn 75 As 75 As 95 Mo 95 Mo 114 Cd 114 Cd 121 Sb 121 Sb 206 Pb 206 Pb 238 U 238 U
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
V2 P1 13.40 0.171 21.47 0.268 1.26 0.078 0.825 0.016 0.059 0.008 0.081 0.001
Coll1 1.29 0.390 5.21 0.879 0.09 0.079 0.021 0.025 0.015 0.010 0.295 0.010
4.62 F1 15.85 0.079 30.82 0.244 1.41 0.067 0.853 0.010 0.112 0.002 0.330 0.003
%mb1 92.7 2.7 86.6 3.0 95.8 8.1 99.2 3.5 65.6 11.1 113.9 3.0
V2 P10 15.31 0.115 25.49 0.205 1.30 0.051 0.833 0.010 0.035 0.006 0.365 0.002
Coll10 0.56 0.156 3.20 0.572 0.07 0.067 0.006 0.017 0.019 0.017 0.803 0.020
5.35 F10 16.56 0.207 32.56 0.191 1.42 0.040 0.840 0.013 0.108 0.001 0.840 0.005
%mb10 95.8 0.1 88.1 0.1 96.5 0.1 99.9 0.0 49.7 0.0 139.0 0.0
V3 P1 21.39 0.222 54.52 0.363 1.77 0.086 1.377 0.029 0.110 0.004 0.049 0.001
Coll1 0.81 0.235 7.06 0.416 0.04 0.093 0.041 0.043 0.014 0.021 0.197 0.009
4.2 F1 22.19 0.146 62.77 0.250 1.66 0.038 1.445 0.011 0.172 0.011 0.340 0.004
%mb1 100.1 1.5 98.1 0.9 108.8 7.7 98.1 3.6 72.3 12.7 72.3 2.7
V3 P10 18.27 0.450 58.81 0.958 1.69 0.012 1.459 0.022 0.069 0.006 0.073 0.003
Coll10 0.42 0.500 2.73 1.102 0.03 0.056 0.012 0.025 0.009 0.007 0.122 0.004
6.51 F10 18.47 0.184 67.46 0.916 1.72 0.040 1.454 0.018 0.100 0.003 0.235 0.003
%mb10 101.2 0.2 91.2 0.3 99.4 0.1 101.1 0.0 77.8 0.1 82.9 0.0
V4 P1 33.99 0.344 78.38 0.437 1.79 0.041 2.038 0.037 0.096 0.014 0.044 0.001
Coll1 0.01 0.447 3.81 1.019 0.05 0.053 0.052 0.048 0.030 0.017 0.194 0.005
3.91 F1 35.30 0.378 89.08 0.402 1.80 0.069 2.086 0.016 0.154 0.009 0.347 0.004
%mb1 96.3 1.6 92.3 1.2 102.6 3.9 100.2 2.9 81.8 14.6 68.5 1.642
P10 35.09 0.287 84.02 1.016 1.74 0.072 2.094 0.038 0.083 0.010 0.037 0.001
Coll10 -0.32 0.340 1.75 1.179 0.03 0.170 0.014 0.050 0.036 0.021 0.212 0.008
4.9 F10 35.16 0.299 91.89 0.391 1.75 0.086 2.147 0.022 0.173 0.010 0.330 0.003
%mb10 98.9 0.1 93.3 0.3 101.7 0.3 98.2 0.0 68.9 0.2 75.6 0.007
MA1 P1 7.53 0.224 1.74 0.064 0.43 0.011 0.174 0.005 0.020 0.001 0.000 0.004 0.178 0.007
Coll1 2.63 0.208 1.06 0.059 0.14 0.041 0.060 0.010 0.011 0.001 0.029 0.003 0.095 0.006
1.54 F1 11.60 0.146 3.72 0.041 0.71 0.018 0.258 0.010 0.034 0.004 0.069 0.002 0.305 0.005
%mb1 87.5 2.6 75.3 2.3 79.5 6.0 90.6 4.6 91.3 6.4 41.4 7.2 89.4 3.0
P10 11.37 0.188 2.62 0.051 0.70 0.029 0.255 0.008 0.033 0.003 0.008 0.001 0.292 0.004
Coll10 0.04 0.168 -0.07 0.039 0.03 0.051 0.004 0.008 -0.003 0.002 0.006 0.001 0.004 0.003
1.6 F10 11.30 0.125 2.14 0.039 0.66 0.040 0.256 0.011 0.030 0.001 0.016 0.002 0.303 0.005
%mb10 101.0 2.2 119.3 3.0 108.8 9.2 101.3 4.6 99.6 12.6 89.1 12.1 97.6 1.6
MA2 P1 7.55 0.039 6.03 0.164 0.76 0.057 0.161 0.011 0.105 0.004 0.064 0.002 0.211 0.002
Coll1 0.96 0.046 2.55 0.105 -0.04 0.051 0.028 0.008 0.012 0.004 0.231 0.002 0.021 0.003
1.79 F1 7.72 0.113 6.81 0.020 0.65 0.048 0.165 0.002 0.101 0.005 0.301 0.004 0.218 0.003
%mb1 110.2 0.8 126.0 2.9 110.3 12.5 114.8 8.2 116.1 5.6 98.1 1.0 106.3 1.7
MA3 P1 10.08 0.360 15.65 0.186 0.50 0.048 0.292 0.014 0.165 0.009 0.085 0.002 0.237 0.002
Coll1 20.38 0.626 36.94 0.380 0.33 0.061 0.229 0.012 0.138 0.009 1.014 0.010 0.217 0.005
1.43 F1 31.83 1.540 55.62 0.956 1.03 0.092 0.595 0.005 0.334 0.002 0.994 0.012 0.482 0.007
%mb1 95.7 2.5 94.5 0.8 80.3 8.2 87.6 3.1 90.6 3.8 110.6 1.0 94.3 1.2
P10 12.38 0.243 20.59 0.241 0.49 0.046 0.288 0.008 0.161 0.008 0.122 0.003 0.252 0.003
Coll10 14.30 0.516 22.98 0.162 0.26 0.036 0.172 0.010 0.093 0.006 0.708 0.006 0.135 0.002
1.76 F10 24.25 0.360 42.45 0.959 0.73 0.036 0.420 0.009 0.232 0.007 0.726 0.006 0.354 0.004
%mb10 110.0 2.4 102.6 0.7 104.4 8.3 109.6 3.0 109.6 4.5 114.3 0.9 109.2 1.1  
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Sample CF 27 Al 27 Al 47 Ti 47 Ti 51 V 51 V 53 Cr 53 Cr 55 Mn 55 Mn 57 Fe 57 Fe 59 Co 59 Co 60 Ni 60 Ni
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
MA4 P1 3.1 0.07 0.938 0.016 0.970 0.013 21.76 0.079 25.15 0.32 167 3 0.514 0.010 4.92 0.130
Coll1 3.6 0.10 1.303 0.034 0.756 0.015 39.40 0.067 15.75 0.23 185 3 0.415 0.008 3.91 0.111
1.62 F1 8.2 0.32 2.654 0.048 2.218 0.017 64.48 0.070 53.13 0.50 430 2 1.101 0.010 10.29 0.112
%mb1 81.5 1.7 84.4 1.4 77.8 0.9 85.9 0.9 77.0 0.7 81.9 0.9 84.4 1.2 85.8 1.7
P10 5.2 0.15 1.573 0.052 1.898 0.019 24.46 0.073 47.75 0.19 296 4 0.755 0.007 7.68 0.086
Coll10 2.6 0.14 0.619 0.068 -0.027 0.020 37.50 0.061 -2.77 0.28 69 4 0.160 0.010 0.87 0.152
1.46 F10 7.7 0.12 2.424 0.056 1.990 0.018 75.06 0.114 46.76 0.32 400 6 1.023 0.011 9.47 0.106
%mb10 100.9 2.7 90.4 3.6 94.0 1.4 81.1 0.6 96.2 0.7 91.2 1.4 89.4 1.2 90.3 1.9
MA5 F 6.316 0.348 0.331 0.048 2.272 0.031 0.782 0.01 9.546 0.151 205.2 5.696 0.215 0.004 2.22 0.032
MA6 F 7.408 0.36 0.334 0.051 2.803 0.032 0.801 0.02 9.182 0.112 211.3 3.145 0.247 0.003 3.296 0.061
Lem1 P1 0.114 0.002 0.435 0.023 0.12 0.00 109 3 0.036 0.003 0.60 0.016
Coll1 0.010 0.002 0.029 0.009 0.04 0.00 10 3 0.006 0.001 0.19 0.013
2.88 F1 0.131 0.002 0.457 0.036 0.19 0.00 124 4 0.042 0.001 0.96 0.012
%mb1 94.7 1.8 101.5 6.0 88.7 1.0 96.7 3.3 100.4 7.0 81.8 2.1
Lem1 P10 0.122 0.002 0.395 0.007 0.13 0.00 116 1 0.038 0.002 0.73 0.023
Coll10 0.002 0.001 -0.005 0.002 0.04 0.00 2 1 0.002 0.000 0.04 0.004
6.06 F10 0.133 0.003 0.476 0.012 0.19 0.01 128 4 0.042 0.001 0.96 0.025
%mb10 93.2 1.5 81.8 1.5 91.6 2.3 92.6 1.3 95.2 5.7 80.3 2.5
Lem2 P1 0.127 0.002 0.314 0.020 0.13 0.00 122 2 0.038 0.002 0.89 0.023
Coll1 0.003 0.001 0.061 0.011 -0.02 0.00 9 1 0.004 0.001 0.06 0.011
2.7 F1 0.133 0.002 0.307 0.006 0.06 0.00 133 4 0.043 0.002 0.98 0.022
%mb1 98.0 2.0 122.1 7.6 168.8 7.8 98.9 2.2 97.9 4.7 96.7 2.6
Lem2 P10 0.120 0.003 0.478 0.010 0.06 0.00 129 2 0.041 0.001 0.73 0.013
Coll10 0.003 0.002 -0.016 0.005 0.01 0.00 4 2 0.002 0.001 0.06 0.016
3.67 F10 0.134 0.006 0.427 0.013 0.07 0.00 137 2 0.042 0.001 0.96 0.023
%mb10 91.8 2.6 108.3 2.7 105.4 2.3 97.3 2.2 101.6 3.2 81.4 2.2
Lem3 P1 0.127 0.006 0.507 0.010 0.05 0.00 118 4 0.041 0.002 0.53 0.018
Coll1 0.005 0.002 0.022 0.005 0.02 0.00 7 2 0.004 0.001 0.16 0.007
3.29 F1 0.139 0.004 0.731 0.026 0.13 0.00 136 6 0.042 0.002 0.86 0.047
%mb1 95.1 4.5 72.4 1.7 57.9 3.8 91.7 3.8 104.9 6.1 80.2 2.5
P10 0.125 0.003 0.552 0.018 0.07 0.00 126 4 0.042 0.002 1.05 0.018
Coll10 0.003 0.001 -0.005 0.010 0.05 0.00 2 1 0.001 0.001 -0.03 0.006
3.83 F10 0.128 0.002 0.843 0.007 0.07 0.01 138 3 0.035 0.002 0.69 0.034
%mb10 99.9 2.5 64.9 2.5 167.1 8.9 93.3 3.0 122.7 5.7 148.1 3.2
Lem4 P1 0.121 0.003 0.645 0.020 0.05 0.00 123 3 0.033 0.001 0.55 0.025
Coll1 0.006 0.001 0.026 0.007 0.02 0.00 5 1 0.005 0.001 0.13 0.012
2.97 F1 0.137 0.004 0.733 0.024 0.09 0.00 131 3 0.039 0.001 0.86 0.022
%mb1 93.0 2.2 91.5 3.0 80.3 4.4 98.2 2.4 98.3 4.3 79.0 3.3
P10 0.123 0.002 0.734 0.016 0.06 0.00 126 2 0.037 0.002 0.67 0.035
Coll10 0.003 0.001 -0.054 0.005 0.03 0.00 2 1 0.002 0.001 0.05 0.010
3.49 F10 0.135 0.004 0.753 0.020 0.09 0.00 130 3 0.038 0.003 0.85 0.016
%mb10 93.4 2.0 90.2 2.3 99.4 3.2 98.1 1.7 102.9 6.5 84.5 4.3
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Appendix 4. (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample CF 63 Cu 63 Cu 66 Zn 66 Zn 75 As 75 As 95 Mo 95 Mo 114 Cd 114 Cd 121 Sb 121 Sb 206 Pb 206 Pb 238 U 238 U
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
MA4 P1 12.94 0.224 28.87 0.415 0.63 0.052 0.241 0.010 0.107 0.004 0.074 0.004 0.230 0.003
Coll1 19.12 0.552 63.91 0.652 0.36 0.060 0.192 0.013 0.072 0.004 1.038 0.005 0.144 0.002
1.62 F1 38.97 1.557 113.31 0.990 1.27 0.067 0.486 0.011 0.215 0.009 1.412 0.011 0.458 0.004
%mb1 82.3 1.7 81.9 0.7 77.3 6.4 89.1 3.4 83.1 2.9 78.8 0.5 81.8 0.8
P10 20.80 1.499 40.23 0.653 1.08 0.069 0.487 0.007 0.177 0.003 0.202 0.002 0.384 0.002
Coll10 12.47 1.198 70.95 0.856 0.05 0.055 -0.045 0.010 0.008 0.002 1.018 0.012 -0.008 0.005
1.46 F10 38.17 1.101 128.81 0.390 1.15 0.131 0.434 0.018 0.194 0.008 1.351 0.007 0.402 0.005
%mb10 87.2 5.1 86.3 0.8 98.8 9.0 102.0 2.9 95.1 2.2 90.3 0.9 93.6 1.4
MA5 F 9.833 0.111 1.935 0.034 0.977 0.057 1.146 0.023 0.253 0.009 0.789 0.015
MA6 F 10.36 0.122 3.956 0.061 1.122 0.052 1.162 0.04 0.254 0.009 0.79 0.007
Lem1 P1 0.56 0.007 0.21 0.023 1.16 0.024 1.55 0.013
Coll1 0.21 0.010 0.08 0.010 0.16 0.019 0.20 0.010
2.88 F1 0.86 0.006 0.43 0.025 1.38 0.043 1.62 0.014
%mb1 90.2 1.4 66.5 6.1 95.3 2.3 108.1 1.0
Lem1 P10 0.70 0.010 0.23 0.015 1.36 0.045 1.81 0.017
Coll10 0.08 0.004 0.06 0.002 0.03 0.009 -0.11 0.003
6.06 F10 0.88 0.014 0.90 0.020 1.38 0.015 1.55 0.015
%mb10 89.4 1.3 32.1 1.7 100.7 3.3 109.9 1.1
Lem2 P1 0.61 0.003 0.34 0.009 1.18 0.023 1.62 0.012
Coll1 0.19 0.008 -0.01 0.010 0.16 0.016 0.23 0.014
2.7 F1 0.85 0.013 0.37 0.010 1.37 0.023 1.86 0.021
%mb1 95.2 1.0 90.4 3.6 98.2 2.1 99.6 1.0
Lem2 P10 0.70 0.010 0.20 0.024 1.31 0.033 1.77 0.011
Coll10 0.08 0.008 0.03 0.007 0.04 0.011 0.07 0.009
3.67 F10 0.86 0.019 0.56 0.021 1.38 0.024 1.89 0.024
%mb10 91.6 1.5 40.4 4.5 97.8 2.5 97.5 0.8
Lem3 P1 0.56 0.015 0.23 0.015 1.20 0.049 1.35 0.018
Coll1 0.26 0.011 0.22 0.006 0.17 0.016 0.21 0.008
3.29 F1 0.93 0.033 0.49 0.027 1.43 0.034 1.63 0.024
%mb1 87.4 2.1 91.1 3.6 95.4 3.6 96.0 1.2
P10 0.76 0.013 0.42 0.009 1.34 0.029 1.56 0.012
Coll10 0.13 0.007 0.00 0.004 0.04 0.012 0.04 0.005
3.83 F10 0.87 0.003 0.59 0.128 1.55 0.060 0.86 0.075
%mb10 102.0 1.7 71.8 5.0 89.2 2.2 186.6 2.9
Lem4 P1 0.62 0.009 2.60 0.056 1.22 0.051 1.39 0.016
Coll1 0.24 0.008 -0.72 0.021 0.17 0.021 0.22 0.007
2.97 F1 0.92 0.026 0.60 0.015 1.46 0.047 1.62 0.008
%mb1 93.9 1.4 314.3 10.1 95.0 3.9 99.1 1.1
P10 0.76 0.013 0.43 0.023 1.38 0.024 1.53 0.011
Coll10 0.11 0.006 -0.01 0.010 0.04 0.011 0.07 0.004
3.49 F10 0.89 0.013 0.58 0.027 1.45 0.024 1.63 0.019
%mb10 96.2 1.6 71.3 4.4 98.5 1.9 97.7 0.8
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Appendix 5. The Sebou river at site MA2 (insert) and a detail of its waters at the same point. The occurrence of 
gas formation in sedimentation areas is clearly visible at the water surface. Water has a clear smell of rotten eggs 
suggesting the release of H2S and possibly other gaseous products following oxidation of organic matter. Loss on 
ignition for suspended matter at site MA2 is 29.5%; POC is 17%. 
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Appendix 6. Mean trace element (µg g-1) and POC (%) concentrations and associated errors (as 1 standard 
deviation) in suspended particulate matter from the various sampling locations. Al results were obtained by XRF 
(courtesy of Tamara Dworak-Weber) except for samples D1, D2, and D3 for which results obtained by total 
mineralisation with HNO3 + HF are given. The abbreviations "n.d." for some elements in samples D1 and D2 
indicates problems with analytical measurements which yielded unreliable results. Analysis could not be 
checked since at these sites SPM was collected by membrane filtration and not by CFC. n.a. = not measured. 
Trace elements: n=3; POC: n=2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Al Ti V Cr Mn Fe
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 54386 6869 2045 386 104.0 14.2 387 43 3466 734 28813 3362
D2 48581 5261 2330 277 87.4 6.8 1553 139 973 96 29745 2624
D3 47535 12853 2655 616 72.1 11.6 3340 615 680 154 34105 6469
Po1 71660 143 869 53 34.3 3.1 177 17 903 74 25531 1516
Po2 67234 134 943 60 37.1 4.9 169 15 809 34 26183 1611
Po3 67961 136 220 22 15.8 1.7 51 6 186 20 10213 1214
V1 59947 120 84 62 23.5 3.6 30 3 480 6 16172 351
V2 50639 101 137 52 25.9 4.1 57 5 463 16 19139 927
V3 57264 115 85 17 13.7 0.6 51 1 383 19 12408 526
V4 62067 124 56 11 19.0 1.8 54 4 376 14 17588 981
MA1 53930 108 3696 42 106.9 3.5 141 5 480 6 33172 366
MA2 38158 76 2792 26 89.8 7.0 1953 176 300 2 23313 2355
MA3 14607 29 1322 27 37.5 0.6 3215 46 168 4 8970 962
MA4 21434 43 1451 48 50.9 0.5 2506 23 198 7 12653 182
MA5 258 59 4043 10 118.3 0.3 160 0.3 515 2 39423 16
MA6 338 20 4266 16 113.2 1.5 155 1.7 542 9 37855 372
Co Ni Cu Zn As Mo
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 13.4 1.81 n.d. n.d. 41.2 9.87 301 3.0 15.7 7.58 n.d. n.d.
D2 n.d. n.d. 27.6 4.83 23.4 3.32 388 158 7.9 1.93 1.08 0.475
D3 13.4 1.78 31.1 7.93 101.6 12.0 1852 136 9.7 1.38 2.07 0.237
Po1 16.5 1.37 155.8 18.05 39.4 4.34 100 9.8 11.0 1.41 1.01 0.061
Po2 15.4 0.69 141.0 9.05 46.0 1.95 124 6.6 8.7 0.39 0.76 0.075
Po3 4.1 0.45 31.9 3.59 79.7 9.59 293 35 6.9 0.78 0.93 0.082
V1 4.8 0.05 16.9 0.18 13.2 0.17 90 5.3 4.4 0.20 0.52 0.080
V2 5.6 0.30 21.2 1.32 45.3 2.57 243 10 6.1 0.30 0.87 0.031
V3 4.0 0.14 13.1 0.37 38.3 1.89 1367 83 11.0 0.48 0.85 0.064
V4 4.9 0.23 17.4 1.04 28.9 1.33 1059 50 12.3 0.51 0.53 0.021
MA1 10.0 0.14 30.5 1.34 18.1 0.24 90 2.7 8.2 0.98 0.57 0.070
MA2 9.4 0.64 83.2 7.21 343.0 22.1 690 34 9.2 1.73 1.97 0.188
MA3 4.4 0.19 23.5 1.90 169.6 1.59 610 12 2.1 0.05 2.50 0.211
MA4 5.8 0.07 42.1 0.73 275.8 6.29 719 18 9.9 0.28 2.25 0.107
MA5 13.6 0.06 44.1 2.10 40.6 0.50 149 59 5.7 0.01 0.80 0.112
MA6 13.8 0.13 41.8 0.46 39.7 0.08 123 29 5.3 0.03 0.55 0.009
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Appendix 6. (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cd Sb Tl Pb U POC
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 n.d. n.d. 2.12 0.149 n.a. n.a. n.d. n.d. 1.89 0.228 n.a. n.a.
D2 n.d. n.d. 1.70 0.195 n.a. n.a. 27.3 6.95 1.89 0.156 n.a. n.a.
D3 8.3 1.13 8.69 n.a. n.a. 225 32.4 1.86 0.324 n.a. n.a.
Po1 0.263 0.036 0.07 0.010 0.208 0.028 17.9 3.89 1.59 0.078 1.83 0.02
Po2 0.350 0.025 0.10 0.013 0.195 0.027 17.0 0.95 1.31 0.021 3.23 0.04
Po3 0.813 0.085 0.30 0.025 0.201 0.003 36.7 3.94 0.80 0.023 10.2 0.26
V1 0.467 0.016 n.a. n.a. 0.185 0.024 15.0 0.17 n.a. n.a. 2.97 0.03
V2 1.999 0.081 n.a. n.a. 0.256 0.028 32.5 0.34 n.a. n.a. 3.91 0.06
V3 9.0 0.592 n.a. n.a. 2.303 0.105 239 8.95 n.a. n.a. 11.5 0.22
V4 15.8 0.668 n.a. n.a. 0.807 0.031 181 7.31 n.a. n.a. 7.81 0.04
MA1 0.441 0.022 0.45 0.008 n.a. n.a. 19.7 0.47 1.69 0.023 1.66 0.01
MA2 2.815 0.187 3.34 0.047 n.a. n.a. 273 23.6 2.06 0.020 16.9 0.33
MA3 0.949 0.051 2.45 0.044 n.a. n.a. 133 5.25 0.97 0.017 33.1 0.22
MA4 4.214 0.130 2.79 0.134 n.a. n.a. 397 6.59 1.78 0.043 27.5 0.56
MA5 0.597 0.109 0.51 0.095 n.a. n.a. 24.4 0.38 1.87 0.060 n.a. n.a.
MA6 0.614 0.034 0.61 0.076 n.a. n.a. 24.7 0.05 1.93 0.022 n.a. n.a.
Hg
Mean s.d.
D1 n.a. n.a.
D2 n.a. n.a.
D3 n.a. n.a.
Po1 0.080 0.003
Po2 0.149 0.007
Po3 1.565 0.096
V1 0.081 0.001
V2 0.212 0.018
V3 0.554 0.040
V4 1.109 0.015
MA1 0.020 0.003
MA2 0.438 0.034
MA3 0.659 0.033
MA4 0.494 0.019
MA5 n.a. n.a.
MA6 n.a. n.a.
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Appendix 7. Total filterable element concentrations (µg L-1) for the depth profile taken in the Czorsztyn reservoir 
in March 2003. The higher surface concentrations with respect to mid and deep water layers reflect the flow of 
the water of the Dunajec river (and associated waters from spring snowmelt) immediately under the ice cover 
(see also major ion and SPM concentrations in appendix 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Al Al Ti Ti V V Cr Cr Mn Mn Fe Fe Co Co Ni Ni
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
1 m 57.1 1.64 2.07 0.220 0.426 0.005 2.71 0.061 67.7 0.347 187 6.8 0.277 0.004 1.24 0.039
10 m 2.6 0.17 0.21 0.036 0.149 0.003 1.75 0.069 0.6 0.030 141 3.1 0.065 0.002 0.82 0.060
20 m 1.5 0.04 0.22 0.026 0.128 0.003 1.99 0.055 2.5 0.090 151 8.3 0.07 0.004 0.82 0.031
25 m 1.6 0.05 0.21 0.010 0.125 0.005 2.05 0.033 6.1 0.133 152 6.8 0.071 0.005 0.85 0.022
26 m 1.2 0.06 0.21 0.015 0.114 0.004 1.98 0.071 19.2 0.876 150 8.3 0.073 0.004 0.86 0.039
Cu Cu Zn Zn As As Mo Mo Cd Cd Sb Sb Pb Pb U U
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
1 m 1.64 0.022 3.16 0.039 0.621 0.03 0.323 0.007 0.025 0.003 0.186 0.008 0.241 0.005 0.172 0.002
10 m 1.20 0.042 2.46 0.036 0.471 0.042 0.469 0.005 0.002 0.003 0.152 0.004 0.003 0.001 0.402 0.005
20 m 1.25 0.024 0.97 0.019 0.45 0.027 0.476 0.004 0.005 0.001 0.145 0.004 0.003 0.001 0.421 0.005
25 m 1.31 0.029 2.10 0.081 0.413 0.043 0.478 0.029 0.003 0.003 0.142 0.006 0.003 0.001 0.432 0.005
26 m 1.29 0.075 1.32 0.05 0.46 0.053 0.458 0.034 0.006 0.003 0.14 0.006 0.003 0.001 0.424 0.014
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Appendix 8. Estimated colloidal masses of Na, Ca, Mg, K, and COC used for calculating the total, HMW and 
LMW colloidal masses presented in table 7.1. No major element analysis was performed for sites D1 and D2; 
n.a. = not available due to bad mass balances. 
Note that no HMW and LMW colloidal masses for MA2 are given in table 7.1 (COC available) since the mass of 
inorganic colloids is likely to be considerable at this site. Results for site V1: the COC for the 10 kDa cartridge 
has been used for the estimation of colloidal mass in table 7.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Na Ca Mg K COC
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
D1 Total 2.34 0.03
HMW n.a. n.a.
D2 Total 5.07 0.06
HMW n.a. n.a.
Po1 Total n.a. n.a. 2.2 0.08 0.3 0.07 0.06 0.01 1.04 0.02
HMW n.a. n.a. 2.2 0.08 0.3 0.07 n.a. n.a. 0.59 0.03
Po2 Total 0.36 0.05 1.48 0.36 n.a. n.a. 0.32 0.05 1.28 0.03
HMW 0.36 0.05 n.a. n.a. n.a. n.a. n.a. n.a. 0.33 0.05
Po3 Total 1.24 0.23 1.84 0.9 0.84 0.21 0.14 0.06 3.44 0.07
HMW 1.24 0.23 1.84 0.9 n.a. n.a. n.a. n.a. 1.8 0.12
V1 Total 0.3 0.00 1.9 0.11 0.2 0.02 0.1 0.00 n.a. n.a.
HMW 0.3 0.01 0.7 0.03 0.2 0.01 0.1 0.00 2.4 0.03
V2 Total 0.5 0.01 0.5 0.02 0.2 0.01 0.2 0.00 3.0 0.07
HMW 0.4 0.00 0.2 0.00 0.2 0.01 0.2 0.00 2.2 0.11
V3 Total 9.7 0.19 4.6 0.23 1.2 0.05 0.1 0.02 0.7 0.04
HMW 4.5 0.02 0.3 0.01 0.8 0.03 0.1 0.01 0.4 0.02
V4 Total 5.2 0.08 1.2 0.01 1.0 0.03 0.4 0.01 0.4 0.03
HMW 5.5 0.09 1.4 0.02 0.5 0.02 0.1 0.00 0.4 0.03
MA1 Total 5.6 0.13 3.3 0.08 2.2 0.01 0.2 0.00 1.3 0.03
HMW 7.1 0.21 n.a. n.a. 3.3 0.20 0.4 0.02 1.0 0.04
MA2 Total 13.4 0.37 14.0 0.50 13.1 1.93 6.1 0.34 11.4 0.46
HMW n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 7.6 0.3
MA3 Total 6.0 0.18 4.6 0.18 n.a. n.a. n.a. n.a. 13.7 1.16
HMW 4.9 0.13 3.2 0.05 0.0 0.00 0.9 0.02 9.9 1.66
MA4 Total 8.0 0.41 n.a. n.a. 1.3 0.02 2.0 0.05 43.3 1.87
HMW 1.5 0.03 11.3 0.23 0.9 0.03 1.9 0.03 19.8 1.43
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